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Mechanisms Of Membrane Remodeling By Bar Proteins
Abstract
Numerous physiological phenomena involve highly curved cell membranes with significant shape
diversity. The diversity of cell membrane shape is partly regulated by a large family of BAR proteins, which
consists of several different classes, including proteins with N-BAR, F-BAR, and I-BAR domains. The BAR
proteins have been hypothesized to bend membranes through several different mechanisms, including
scaffolding, wedging, oligomerization, and crowding. However, the contributions from these distinct
mechanisms to remodel membranes have remained controversial. In this dissertation, I systematically
compare and elucidate the mechanisms of membrane remodeling by BAR proteins via in vitro
experimental studies.
Firstly, I developed a F�rster resonance energy transfer (FRET) method to investigate the
homodimerization mechanism and intradimer molecular interactions in an endocytic accessory N-BAR
protein, endophilin. I revealed the high dimerization affinity nature of endophilin and found experimental
evidence for the presence of an auto-inhibition mechanism, which arises from an intra-dimer, intermonomer cross-interaction between the H0 helix and the SH3 domain from different subunits within a
homodimer, for its membrane binding.
Secondly, I quantitatively demonstrated that the amphipathic N-terminal H0 helix of endophilin is
important for recruiting this protein to the membrane, but it does not contribute significantly to its intrinsic
membrane curvature generation capacity by means of a GUV shape stability assay. Meanwhile, my study
suggests that formation of a stable lattice is not necessary for the membrane remodeling of N-BAR
proteins. I next revealed that at the same membrane tension, the crowding effect requires far higher
protein coverage to induce curvature changes compared to the endocytic accessory proteins. These
observations elevate the importance of scaffolding for the membrane curvature generation by N-BAR
domains. Furthermore, I studied the regulation mechanism of membrane curvature induced by I-BAR
proteins and revealed that I-BAR proteins exploit similar mechanisms as N-BAR proteins in membrane
remodeling.
Thirdly, to elucidate the functional differences and redundancies of endocytic BAR proteins, I
systematically compared the membrane binding, curvature sensing, and curvature generation of
endocytic BAR proteins. In the comparison of the N-BARs: endophilin, amphiphysin and SNX9, I observed
substantially different abilities in generating (endophilin < amphiphysin < SNX9) and sensing (endophilin >
amphiphysin > SNX9) membrane curvatures. In the comparison of FCHo2 and endophilin, I observed
interesting competitive membrane binding and distinct membrane curvature generation abilities between
them. These observations offer a basis for further understanding the similarities and differences of the
physiological functions of BAR proteins.
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ABSTRACT
MECHANISMS OF MEMBRANE REMODELING BY BAR PROTEINS
Zhiming Chen
Tobias Baumgart
Numerous physiological phenomena involve highly curved cell membranes with
significant shape diversity. The diversity of cell membrane shape is partly regulated by a
large family of BAR proteins, which consists of several different classes, including
proteins with N-BAR, F-BAR, and I-BAR domains. The BAR proteins have been
hypothesized to bend membranes through several different mechanisms, including
scaffolding, wedging, oligomerization, and crowding. However, the contributions from
these distinct mechanisms to remodel membranes have remained controversial. In this
dissertation, I systematically compare and elucidate the mechanisms of membrane
remodeling by BAR proteins via in vitro experimental studies.
Firstly, I developed a Förster resonance energy transfer (FRET) method to investigate the
homodimerization mechanism and intradimer molecular interactions in an endocytic
accessory N-BAR protein, endophilin. I revealed the high dimerization affinity nature of
endophilin and found experimental evidence for the presence of an auto-inhibition
mechanism, which arises from an intra-dimer, inter-monomer cross-interaction between
the H0 helix and the SH3 domain from different subunits within a homodimer, for its
membrane binding.
vi

Secondly, I quantitatively demonstrated that the amphipathic N-terminal H0 helix of
endophilin is important for recruiting this protein to the membrane, but it does not
contribute significantly to its intrinsic membrane curvature generation capacity by means
of a GUV shape stability assay. Meanwhile, my study suggests that formation of a stable
lattice is not necessary for the membrane remodeling of N-BAR proteins. I next revealed
that at the same membrane tension, the crowding effect requires far higher protein
coverage to induce curvature changes compared to the endocytic accessory proteins.
These observations elevate the importance of scaffolding for the membrane curvature
generation by N-BAR domains. Furthermore, I studied the regulation mechanism of
membrane curvature induced by I-BAR proteins and revealed that I-BAR proteins exploit
similar mechanisms as N-BAR proteins in membrane remodeling.
Thirdly, to elucidate the functional differences and redundancies of endocytic BAR
proteins, I systematically compared the membrane binding, curvature sensing, and
curvature generation of endocytic BAR proteins. In the comparison of the N-BARs:
endophilin, amphiphysin and SNX9, I observed substantially different abilities in
generating (endophilin < amphiphysin < SNX9) and sensing (endophilin > amphiphysin >
SNX9) membrane curvatures. In the comparison of FCHo2 and endophilin, I observed
interesting competitive membrane binding and distinct membrane curvature generation
abilities between them. These observations offer a basis for further understanding the
similarities and differences of the physiological functions of BAR proteins.
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Chapter 1 Introduction
1.1 Cell membrane
1.1.1 Membrane shape diversity and curvature regulation
Numerous physiological phenomena involve highly curved cell membranes with
significant shape diversity [1]. From plasma membrane invaginations/protrusions to the
endoplasmic reticulum (ER), the shape diversities are crucial for the normal functions of
the cell [2].
Two machineries are known to contribute to the generation of cell membrane curvature:
the actin cytoskeleton and membrane binding proteins such as Bin-AmphiphysinRvs161/167 (BAR) domain-containing proteins [1]. Specifically, the cytoskeleton and its
associated motors can mechanically pull or push the cell membrane resulting in
membrane deformations [3]. In addition, the large family of membrane binding and
curvature bending proteins can induce and sense membrane curvature through
mechanisms such as scaffolding, amphipathic helix insertion, protein oligomerization,
and protein crowding [4-10]. While membrane curvature sensing and generation by
proteins has been an area of considerable interest in cell biology [8], currently there is a
lack of mechanistic insight into the curvature initiation process induced by these proteins.
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1.1.2 Cell membrane tension
Membrane tension is believed to be a central factor in keeping plasma membrane area
homeostasis [11]. Plasma membranes have lateral tensions ranging from several μN/m to
several hundred μN/m [11-13]. In living cells, membrane tension is mainly regulated
through intracellular osmotic gradients and membrane-cytoskeletal interactions [11, 14].
Recently, an increasing number of studies have focused on the role of membrane tension
in regulating various cellular processes, such as endocytosis and exocytosis [15-18],
mechanochemical and biochemical signaling [19, 20], and cytoskeletal remodeling [19,
21, 22]. However, the role that membrane tension plays in the membrane curvature
sensing and generation abilities of membrane-bending proteins remains unclear.
1.2 BAR proteins
The large family of Bin-Amphiphysin-Rvs161/167 (BAR) domain-containing proteins
consists of several different modules, including proteins with classical BAR/N-BAR, FBAR, and I-BAR domains (Fig. 1.1) [2, 23]. In the next few sections, I will introduce
each module in more detail.
1.2.1 Classical BAR/N-BAR
Classical BAR domains usually exist as ‘crescent-shaped’ homodimers with a concave
membrane-binding interface that contains positively charged residues. Arfaptins, ICA69,
PICK and DNMBP (Tuba) are proteins that contain classical BAR domains.
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Figure 1.1 BAR superfamily: classical BAR/N-BAR, F-BAR, and I-BAR. PDBs:
Endophilin (2C08), FCHo2 (2V0O), IRSp53 (1WDZ).
N-BAR domains are BAR domains that contain an N-terminal amphipathic helix that
precedes the BAR domain. N-BAR domains are hypothesized to bind to and reshape
membranes both in vitro and in vivo through scaffolding involving their crescent-shaped
dimeric structure and wedging through membrane insertion of the N-terminal helix [9, 24,
25]. In vitro liposome tubulation studies show that N-BAR domains induce the formation
of outward tubules from liposomes [24], while in vivo these proteins are known to be
involved in plasma membrane invaginations such as endocytosis [2], T-tubule formation
in muscle cells [26], and reticular membrane morphology of the mitochondrion [27].
Endophilin is an intensely studied N-BAR protein (Fig. 1.1), which functions in clathrinmediated endocytosis (CME) and fast endophilin-mediated endocytosis (FEME) [28-32].
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The function of this protein includes both membrane curvature sensing [33, 34] and
curvature generation [35].
Endophilin consists of an N-terminal helix (H0), a Bin-Amphiphysin-Rvs (BAR) domain,
a Src Homology 3 (SH3) domain, and a flexible linker that connects the BAR domain and
the SH3 domain [24]. The BAR domain is known to mediate the dimerization of
endophilin [24, 36, 37]. The shape of endophilin’s membrane binding interface depends
on its dimeric structure [36, 37]. The mechanism of endophilin’s membrane curvature
generation function is believed to depend, at least in part, on the effect of scaffolding
through the crescent shape of the protein as well as the wedging effect due to amphipathic
helix insertion [4, 9, 38, 39]. The H0 helix is reported to mediate the formation of a stable
protein lattice on a curved membrane surface, which is believed to facilitate the curvature
generation and to further stabilize the membrane curvatures formed [6, 40].
1.2.2 F-BAR
The F-BAR domains contains an Fes/CIP4 homology (FCH) domain or extended FCH
domain (EFC), which is usually located at the N-terminus of F-BAR proteins (Fig. 1.1)
[41]. FCHo1/2, srGAP1-3, FBP17, CIP4, and Toca-1 are well known F-BAR proteins
that are involved in many cellular processes [42].
Similar to N-BAR domains, the F-BAR domain containing proteins generally exist as
homodimers and have a positively charged concave membrane binding interface [42]. In
contrast to N-BAR domains, the dimeric structure of F-BAR domains are more extended
4

and therefore, less curved [42]. Consistent with the intrinsic curvature of the concave
surface, F-BAR domains induced tubules with broader radii from liposomes [43].
Moreover, the F-BAR domains, unlike N-BARs, usually have lipid preferences. For
instance, F-BAR domains usually show higher binding affinity to PI(4,5)P2 than
phosphatidylserine (PS) [41, 44].
The in vivo functions of F-BARs are known to be involved in endocytic pathways [45], in
the regulation of actin cytoskeletal dynamics [41, 46] and in the filopodia formation [47].
1.2.3 I-BAR
MIM (Missing-in-metastasis), along with ABBA (actin-bundling protein with BAIAP2
homology) and IRSp53 (insulin receptor tyrosine kinase substrate p53), belongs to a
family of actin-binding scaffold proteins which can regulate actin polymerization [48, 49].
MIM was originally reported as a potential metastasis suppressor because it is missing in
metastatic bladder cancer cells [50]. MIM, ABBA, and IRSp53 contain homologous
IRSp53-MIM domains (IMDs, also known as I-BARs) at the N-terminus [51, 52]. IMDs
usually exist as stable “zeppelin-shaped” homodimers with a convex membrane binding
interface (Fig. 1.1) [51, 53, 54]. N-terminal IMDs can bundle actin filaments [52] and
induce membrane deformations [55]. In addition to the IMD domain, I-BAR proteins
contain additional protein interacting domains such as SH3 and WH2 domains [56, 57].
I-BAR domains are distantly related to the classical N-BAR domains. Similar to N-BAR
proteins (such as endophilin and amphiphysin), I-BARs are capable of reshaping
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membrane bilayers [58]. However, differences were observed comparing the effect of IBARs and N-BARs in inducing membrane curvature. First, I-BARs induce tubules with
larger diameters than N-BAR domains, which is likely due to the lower curvature of the
bent dimeric structure of I-BARs [6, 58]. Second, I-BARs induce the opposite membrane
curvature compared to N-BAR domains. Consistently, in in vitro experiments, I-BARs
were shown to bind and induce inward tubulation when co-incubated with PI(4,5)P2-rich
liposomes [58, 59].
In vivo, I-BARs play a key role in the formation of plasma membrane protrusions, such
as the formation of filopoidia and lamellapodia [60], as well as the regulation of
transcellular tunnels [61].
1.3 BAR protein dimerization and auto-inhibition
1.3.1 Dimerization affinity
The shape of a BAR protein’s membrane binding surface depends on its dimeric
structure; therefore, knowledge of the thermodynamics and kinetics of BAR protein
dimerization is crucial to understand its functions. For example, BAR proteins are known
to function as dimer scaffolds on the membrane, however, whether the BAR domain
exists as a monomer or a dimer in the cytoplasm and binds membranes as a monomer or a
dimer remains unclear. Techniques to accurately determine the dimerization affinity and
dimer dissociation kinetics are important for the understanding of its physiological
functions.
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Kinetic characterization of protein/protein association has commonly been performed via
techniques such as subunit crosslinking [62, 63], size exclusion chromatography [64], or
spectroscopic techniques [65-68]. Surface plasmon resonance represents an alternative
kinetic technique, although its limitations in kinetic studies of protein association have
been discussed [69]. Subunit exchange with detection by Förster resonance energy
transfer (FRET) circumvents many of the challenges associated with applying the above
mentioned technique to the study of homodimers.
1.3.2 Auto-inhibition mechanism
Full length BAR proteins contain domains other than the BAR domain, and some of these
additional domains contains interaction sites with the BAR domain. These inter-dimer
interactions have been observed before for IRSp53 [70] and amphiphysin 2 (BIN1) [71]
that results in an auto-inhibition mechanism where the interactions with other proteins,
the membrane binding, and the membrane curvature generation of the BAR proteins are
auto-regulated.
Endophilin has also been predicted by MD simulation to exploit an auto-inhibition
mechanism [72]. Endophilin contains an SH3 domain, which is known to recruit dynamin
and synaptojanin [30, 73, 74]. MD simulations suggest that a stable H0-SH3 complex can
form in solution through salt bridge and hydrophobic interactions [72], which is
structurally supported by small-angle x-ray scattering (SAXS) study where the SH3
domain is best fitted when assumed to be localized near the distal end (localization of
H0) of the N-BAR dimer [75]. The formation of the H0-SH3 complex is expected to
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auto-inhibit the membrane binding of endophilin because the H0 amphipathic insertion
will be inhibited, which is supported by experimental observation that the membrane
binding of endophilin is auto-inhibited when dynamin is absent from solution [76].
However, little experimental evidence for an H0-SH3 based auto-inhibition mechanism
has been reported to date.
1.4 Endocytosis
1.4.1 Endocytosis pathways and significance
Endocytosis is a cargo (proteins and other macromolecules) transportation process that
internalizes cargos into cells via the invagination of plasma membrane. Two endocytosis
pathways, clathrin-mediated endocytosis (CME) and caveolae-mediated endocytosis,
were first discovered with the aid of the advancement of the electron microscope,
enabling scientists to visualize the clathrin- or caveolin-coated plasma membrane
structures [77, 78]. In the following years, more endocytosis pathways were discovered to
be clathrin-independent and caveolin-independent [79-84]. For example, fast endophilinmediated endocytosis (FEME) is a recently identified endocytic pathway that is
independent of clathrin, but dependent on endophilin and dynamin [85]; meanwhile,
some cargos have been identified to be transported into cells via tubular intermediates
with the aid of clathrin- and dynamin-independent carriers (CLICs) and glycosyl
phosphatidylinositol-anchored protein enriched early endosomal compartments (GEEC)
[83]. Besides the above category of endocytosis, some special endocytosis pathways have
also been discovered. In neurons, for example, synaptic endocytosis pathways such as
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activity-dependent bulk endocytosis (ADBE) [86], “kiss and run” [87] and ultrafast
endocytosis mechanism [15] are also exploited.
With the advancement of the understanding of the endocytic pathways, the importance of
endocytosis in cell functions have attracted considerable interest. Firstly, endocytosis,
together with its counterpart exocytosis, is known to be essential for keeping the
homeostatic balance of the plasma membrane area [88]. Secondly, endocytosis is the way
that cells communicate with the environment to fulfill the purpose of nutrient, and
hormone uptake, signal transduction and homeostasis of essential receptors/transporters.
The endocytosis of essential surface receptors and transporters regulates the uptake of
corresponding nutrients, such as the transferrin (Tf) endocytosis that regulates the cellular
Fe3+ uptake, the low-density lipoprotein receptor (LDLR) endocytosis that regulates
cellular cholesterol uptake, the glucose transporter (GLUTs) and Na/K-ATPase
endocytosis that regulates the cellular glucose and Na+/K+ uptake [89]. Moreover, the
signaling from cell-surface G-protein coupled receptors (GPCR) [90] and the signaling
from cell-surface tyrosine kinase receptors (RTKs) [91] are also regulated by endocytosis.
Defects in endocytosis have also been discussed in previous studies that could lead to
cancers and heart diseases [92, 93].
1.4.2 Clathrin-mediated endocytosis (CME)
Among the identified endocytosis pathways, CME is the most intensely studied and well
characterized [94]. CME is a process that involves the nucleation of a clathrin-coated site,
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followed by the growth, the scission and the release of the clathrin-coated vesicle (CCV)
[95].
The major components of CME are the clathrin-coat, the adaptors, the accessory proteins,
and the bearing membrane bilayer [96]. Adaptor protein 2 (AP2) complex is a central
player in CME, which links the membrane with the clathrin-coat and recruits cargos and
accessory proteins [97-99]. Among the

accessory proteins, numerous endocytic

accessory BAR (Bin /Amphiphysin /Rvs) domain-containing proteins are believed to be
mainly responsible for the curvature induction/promotion of the CCV [2]. These
endocytic BAR proteins can be further sub-divided to N-BAR and F-BAR proteins,
which usually exist as peripheral homodimers and are hypothesized to remodel plasma
membrane with the scaffolding of the curved concave surfaces, the wedging of
amphipathic helices, and the self-assembling of proteins on membrane [6, 38, 100-106].
Additionally, some of the BAR proteins are known to be responsible for the recruitments
of other endocytic accessory proteins, such as the GTPase dynamin, which is responsible
for the downstream scission of the CCV [107-109], and the inositide phosphatase
synaptojanin, which is responsible for the downstream uncoating of the CCV [110, 111].
1.4.3 Comparison of endocytic BAR proteins
Within each of the endocytic BAR classes, several proteins are found that have fairly
similar crystal structures. The question of whether this multiplicity of protein types
within a given class simply gives rise to functional redundancy, or whether each protein
plays a unique role, is not clear.
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The formation timeline of CCVs has been divided into several stages and different BAR
proteins are recruited to the CCVs at different stages [112]. FCHo2 (FCH domain only-2),
an F-BAR protein, has been reported to arrive at the nucleation stage of the CCV and act
as a nucleator of the CME [43]. N-BAR proteins such as endophilin and amphiphysin, are
recruited later than FCHo2 to the neck area of the CCV and are believed to facilitate the
formation of a highly curved neck structure [95, 113]. In in vitro studies, both FCHo2 and
endophilin have been reported to be capable of inducing membrane tubules from
liposomes [24, 43]. Further, knocking down FCHo leads to reduced CCV budding events
[45] and knocking down endophilin leads to compromised clathrin uncoating on CCV
[114], marking their importance in CCV formation.
Differential recruitment dynamics of endocytic BAR proteins are potentially correlated
with their functional discrepancy during the formation of CCV. For example, different
stages of CCV have different degrees of membrane curvatures [95], thus the BAR
proteins function at different stages of CCV potentially have differential abilities in
generating membrane curvature. However, a thorough comparison of the corefunctions—membrane binding and membrane curvature sensing and generation—of the
endocytic BAR proteins that arrive at different time points is currently missing.
Among the N-BAR proteins, endophilin, amphiphysin, and SNX9, which share similar
crystal structures, exhibit significant membrane recruitment seconds before the scission
of clathrin-coated vesicles (CCV) from the plasma membrane [115]. The pre-scission
CCVs connect to the plasma membrane via a highly curved membrane neck. These three
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proteins have been hypothesized to play a direct role in generating or stabilizing this high
membrane curvature through the ‘crescent-shaped’ BAR domain dimer [95]. Additionally,
all three proteins contain a Src homology 3 (SH3) domain, which is responsible for
recruiting the GTPase dynamin [107-109] and/or the inositide phosphatase synaptojanin
[110, 111], which are then responsible for downstream endocytic processes such as
scission and uncoating of the vesicles, respectively.
On the other hand, distinct cellular events have been identified which appear to involve
only one type of the three BAR domain proteins. First, SNX9 contains a PIP binding PX
domain, and therefore, its local membrane binding level can be sensitively regulated by
the change of local PI(4,5)P2 concentration in the plasma membrane during endocytosis
[116, 117]. In fact, the recruitment of SNX9 shows distinct dynamics during CME
compared to those of endophilin and amphiphysin [115]. Secondly, recent studies
identified a prominent role of endophilin [85] and SNX9 [84] in distinct clathrinindependent endocytosis pathways. Conversely, the function of amphiphysin is less well
understood, despite an expression level in neurons similar to endophilin [118]. Moreover,
both amphiphysin and SNX9, but not endophilin, were found to activate the actin
regulator N-WASP, and therefore, coordinate actin polymerization [119]. However,
knocking out endophilin or SNX9 in mice or Drosophila leads to significantly more
severe endocytic defects compared to amphiphysin knock-out samples [108, 119-121].
Therefore, understanding both the differences and similarities in how these proteins
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function at the membrane is likely to significantly enhance our understanding of the
molecular mechanism of cellular trafficking.
1.5 BAR protein membrane remodeling mechanisms

Figure 1.2 Proposed membrane remodeling mechanisms. This Figure is adapted from
Ref. [4], where it is used by Baumgart et al. to illustrate the membrane remodeling
mechanisms by membrane-bending proteins: scaffolding effect due to the intrinsically
curved protein structure, hydrophobic insertion/wedging of amphipathic helix, protein
oligomerization/lattice formation and steric effects due to protein-protein crowding.
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1.5.1 Scaffolding and amphipathic helix insertion
N-BAR proteins, such as endophilin and amphiphysin, contain an N-terminal helix (also
named H0) that amphipathically inserts into the membrane bilayer, and a BAR domain
that can homo-dimerize to form an intrinsically curved structure. This BAR domain
dimer acts as a scaffold (Fig. 1.2) to induce local membrane curvature [24]. The
amphipathic helix insertion acts as a wedge (Fig. 1.2) that is also believed to induce
membrane bending to some extent [24, 102, 103].
The contributions of amphipathic helix insertion versus BAR dimer scaffolding in
membrane curvature generation and sensing has remained controversial. The hypothesis
that amphipathic helix insertion and scaffolding can both drive membrane bending has
been proposed in several previous reports [23, 24, 36, 38, 122, 123]. It is also reported
that membrane scission is promoted by amphipathic helix insertion [38, 123], although
this hypothesis has been questioned recently [124]. In some reports Based on continuum
mechanical models[102], molecular dynamics (MD) simulations [103], and experimental
evidence [104], H0 amphipathic insertion has been described as solely sufficient to
generate membrane curvature if H0 helices are present at a high enough membrane
surface density. On the other hand, MD simulation studies from Cui et al. [125] and
Blood et al. [101] suggest that amphipathic helix folding through membrane interaction
of N-BAR domains either requires the membrane to be already bent, or require the
amphipathic helices to be higher concentrated than physiological conditions to induce
curvature. Furthermore, results from Blood et al. [101] imply that the close association of
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the charged concave surface of the N-BAR domain is required for its membrane
curvature induction and that membrane curvature is not driven by the membraneembedded amphipathic helices. However, amphipathic helices were shown to be essential
to maintain close association of the concave surface of the N-BAR domain with the
membrane [5, 101]. Consistent with this notion, MD simulations from Arkhipov et al.
[100], later refined by Lyman et al.[126], also suggested that BAR dimer scaffolding,
rather than helix insertion, is the key player in membrane bending by N-BAR domains.
Finally, experimental reports exist that are consistent with the notion that the H0 helix is
not essential for membrane curvature generation through N-BAR domains [37], and that
the H0 peptide alone cannot alter liposome morphology [127].
In membrane curvature sensing, Bhatia et al. reported that amphipathic motifs are
essential for the membrane curvature sensing of BAR domains [33, 128], based on
sensing local, curvature-dependent membrane bilayer defects [129, 130]. On the other
hand, the asset of the dimeric BAR domain structure in favoring the geometry of curved
membrane was also discussed by Doucet et al. [131], emphasizing a possible role of the
BAR domain scaffold in membrane curvature sensing.
Clearly, the role of the amphipathic helix insertion and BAR dimer scaffolding in
membrane curvature generation and membrane curvature sensing requires clarification.
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1.5.2 Protein oligomerization/Formation of stable lattice
Advancements of electron microscopy imaging [6, 132-135] and molecular dynamic
simulations [106, 136] revealed that N-BAR proteins, such as endophilin and
amphiphysin, F-BAR proteins, such as CIP4 and FBP17, and dynamin, can oligomerize
and form stable lattices in curved membrane structures with the aid of end-to-end
interactions (Fig. 1.2). This oligomerization/lattice formation property is hypothesized to
amplify the membrane curvature generation capacity and to further stabilize the curved
membrane structures [6, 40]. However, by what circumstance and to what extent the
protein oligomerization contributes to the membrane bending of proteins requires further
clarification with quantitative studies.
1.5.3 Crowding effect
In addition to the above three mechanisms, the crowding effect (Fig. 1.2) is a universal
mechanism that can be exploited by any membrane-bound protein. It is known that the
cell membrane surface is crowded with membrane proteins [137]. Thus, the steric
repulsive force exerted by protein crowding is reasonable to be considered as a
contributing factor for membrane curvature generation by membrane proteins because
membrane deformation can effectively release the steric repulsion among proteins.
Previously studies by Stachowiak et al. [138] revealed that membrane tubules can be
induced by creating crowded proteins (structured and intrinsically disordered proteins) on
liposome surfaces via His6x-tag binding to Ni-NTA lipids [10, 139]. Although the
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relative importance of this contribution remains unclear [140] and is even suggested to be
weaker compared to the hydrophobic insertion mechanism in membrane deformation
with calculations and experiments [141], the crowding effect has been proposed to
contribute to protein-induced membrane deformation. Quantitative tools which can
dissect the effect of crowding would be helpful and informative to understand to what
extent crowding effects contribute to the curvature generation through BAR domain
proteins.
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Chapter 2 Materials and Methodsa
2.1 Lipids, chemicals and dyes
The lipids 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dioleoyl-sn-glycero-3phospho-L-serine (DOPS), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), 1palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
ethanolamine-N-(biotinyl(polyethylene

(POPC),

glycol)2000)

distearoylphosphatidyl-

(DSPE-Bio-PEG2000),

(1,2-

dioleoyl-sn-glycero-3-[(N-(5-amino-1-carboxypentyl)iminodiacetic acid)succinyl] (nickel
salt) (DOGS-Ni-NTA) and L-α-phosphatidylinositol-4,5-bisphosphate (Brain, Porcine)
(ammonium salt) (brain PI(4,5)P2) were obtained from Avanti Polar Lipids (Alabaster,
AL);

Texas

Red®

1,2-Dihexadecanoyl-sn-Glycero-3-Phosphoethanolamine,

Triethylammonium Salt (Texas Red® DHPE) was obtained from Invitrogen/Life
Technologies (Grand Island, NY).
a

Parts of this chapter are adapted from: 1. J. Am. Chem. Soc. 2014, 136, 4557−4564.
Zhiming Chen, Ken Chang, Benjamin R. Capraro, Chen Zhu, Chih-Jung Hsu, and
Tobias Baumgart. Intradimer/Intermolecular Interactions Suggest Autoinhibition
Mechanism in Endophilin A1. Copyright © 2014 American Chemical Society; 2.
Biophysical Journal. 2015 Jul 21; 109(2): 298–307. Zhiming Chen, Zheng Shi, and
Tobias Baumgart. Regulation of membrane shape transitions induced by I-BAR domains.
DOI: http://dx.doi.org/10.1016/j.bpj.2015.06.010. Copyright © 2015 by the Biophysical
Society; 3. J. Am. Chem. Soc. 2016, DOI: 10.1021/jacs.6b06820. Zhiming Chen, Chen
Zhu, Curtis J. Kuo, Jaclyn Robustelli and Tobias Baumgart. The N-terminal amphipathic
helix of Endophilin does not contribute to its molecular curvature generation capacity.
Copyright © 2016 American Chemical Society; 4. Zhiming Chen, Ehsan Atefi, and
Tobias Baumgart. Membrane shape instability induced by protein crowding, Biophysical
Journal (2016), DOI: http://dx.doi.org/10.1016/j.bpj.2016.09.039. Copyright © 2016
Biophysical Society; 5. Zhiming Chen, Zheng Shi, Katarzyna I. Jankowska, Tingting
Wu and Tobias Baumgart. Molecular details determine the membrane remodeling
function of BAR domain proteins. To be submitted.
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The chemicals 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) and
polyethylene glycol (PEG) were obtained from Sigma Aldrich (Allentown, PA). Sodium
chloride (NaCl) was obtained from Thermo Fisher Scientific (Philadelphia, PA). Tris (2carboxyethyl) phosphine hydrochloride (TCEP-HCl), Coomassie plus (Bradford) protein
assay reagent, and bovine serum albumin (BSA) standards were obtained from
Pierce/Thermo Fisher Scientific (Rockford, IL). Casein was obtained from Fisher
Scientific (Rochester, NY), and urea was obtained from Fisher BioReagents (Pittsburgh,
PA).
The dyes Pacific Blue™ (PB) C5-maleimide, Alexa Fluor® 488 (AF488) C5-maleimide,
Alexa Fluor® 594 (AF594) C5-maleimide and Texas Red® (TR) C2-maleimide were
purchased from Invitrogen/Life Technologies (Carlsbad, CA).
2.2 Vesicle preparations
For most of the BAR protein-lipid interaction experiments, we chose two different lipid
compositions to mimic the inner plasma membrane with the following compositions:
‘PI(4,5)P2/DOPS/DOPE/DOPC = 5/30/30/35’ was used for proteins that have specific
binding to PIP2 while ‘DOPS/DOPE/DOPC = 45/30/25’ was used for proteins that do not
have preference for PIP2[142]. An additional small amount of Texas Red-DHPE
(typically 0.5%) was usually added to allow for fluorescence imaging of the vesicles.
DSPE-Bio-PEG2000 (typically 0.5%) was added for tether pulling measurements on
GUVs. For the his-EGFP-lipid interaction experiments, DOGS-Ni-NTA was used to
attach the his6X-tagged eGFP to vesicle surfaces.
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2.2.1 LUV preparation
Large unilamellar vesicles (LUVs) were prepared by standard extrusion technique [143].
Lipid mixture prepared in chloroform solution (without PIP2) or in chloroform/methanol
= 3:1 (with PIP2) was placed in a 25 mL round-bottom flask, gently evaporated with
compressed air, and then placed under vacuum for 2 hours. Lipids were then rehydrated
to 1 mg/ml with protein buffer (20 mM HEPES, 150 mM NaCl, 1 mM TCEP, pH = 7.4)
for 1 hour at room temperature with occasional vortexing. The resulting lipid dispersions
were extruded 21 times through a single polycarbonate membrane of 400 nm pore size
(Whatman/GE Healthcare) to form uni-sized LUVs. LUVs were stored at 4℃ and used
within two days.
2.2.2 GUV preparation
Giant unilamellar vesicles (GUVs) were prepared by the electroformation method [10,
144-147] in sucrose solution with target compositions. First, 40 μL of lipid mixture (1
mM) prepared in either chloroform solution (without PIP2) or in chloroform/methanol =
3:1 (with PIP2) were evenly spread, layer by layer, on a restricted region (restricted by the
area of rubber spacers) of an indium tin oxide (ITO) coated glass slide. Second, the ITO
slides with lipid layers were placed under vacuum for at least 2 hours to dry residual
chloroform and methanol. Third, two ITO slides were coupled with 0.8 mm thick rubber
spacers to form a chamber, in which the lipid layers on either slide were aligned face to
face. Next, 430 μL of 300 mM sucrose solution was added to rehydrate the lipid layers.
Finally, the assembled ITO slides were placed in an electroformation chamber with an
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applied electric field of 10 Hz and 2-4 V (peak to peak) at a temperature of ~ 60 °C for
2.5 hours to form GUVs.
2.3 Protein preparations
2.3.1 Endophilin
A pGEX-6P-1 vector encoding full-length rat endophilin A1 (sequence: 1-352) was
kindly provided by P. De Camilli from the Yale School of Medicine. This plasmid was
used to generate a single cysteine variant at position 241 (C108S, E241C, C294A, C295A)
for minimally perturbing fluorescence labeling, noted as WT in Chapter 3. This singlecysteine (C241) full length rat endophilin A1 plasmid was next used to generate more
mutants as listed below:
1. Full-length endophilin with N-terminal H0 sequence deleted (endo_dH0): 33-352, C108S,
E241C, C294A, C295A;
2. Full-length endophilin with C-terminal SH3 domain deleted (endo_dSH3): 1-292, C108S,
E241C;
3. Endophilin N-BAR domain:1-247 (endo_N-BAR): C108S and E241C, noted as WT in
Chapter 4;
4. Endophilin N-BAR domain (1-247, C108S and E241C) with additional single site
mutagenesis within H0 sequence: F10W or F10A;
5. Endophilin N-BAR domain (1-247, C108S and E241C) with additional deletion of Nterminal residues 1-X (D1-6, D1-10, D1-14, D1-18, D1-24 and D1-32).
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The fusion proteins (GST-endophilin) were expressed in BL21(DE3) RIL CodonPlus
bacteria (Stratagene, La Jolla, CA). After cell lysis, the supernatant was first applied to a
GSTrap FF affinity column (GE Healthcare, Marlborough, MA), and the eluted fusion
proteins were cleaved with PreScission Protease [25]. After cleavage, the target protein
contains a 5 residue tail (GlyProLeuGlySer) at the N-terminus corresponding to a BamH
I restriction site and protease cutting site, which is predicted to not form secondary
structure. The digested product was then subjected to a HiTrap Q HP column (GE
Healthcare, Marlborough, MA) and a HiLoad Superdex 200 PG column (GE Healthcare,
Marlborough, MA) [25]. All proteins were labeled with Alexa Fluor® 488 C5 Maleimide,
Pacific Blue® C5 Maleimide or TexasRed® C2 Maleimide at residue C241 and excess
dyes were removed by HiTrap Desalting columns (GE Healthcare, Marlborough, MA). In
Chapter 3, dual-labeled protein was prepared by incubating proteins with a dye mixture
(PB/AF488 mole fraction = 0.5). Proteins were stored in buffer containing 20 mM
HEPES, 150 mM NaCl, and 1 mM TCEP at pH = 7.4.
2.3.2 Amphiphysin
A plasmid encoding full-length human amphiphysin 1 was kindly provided by P. De
Camilli. Amphiphysin were expressed as a GST fusion protein in BL21(DE3)RIL
CondonPlus bacteria (Stratagene, La Jolla, CA). The proteins were extracted from the
cell lysate via affinity chromatography (GST column, GE Healthcare, Marlborough, MA),
and after cleavage of the affinity tag with overnight digestion with PreScission Protease
at 4 °C, the product was further purified by ion exchange (HiTrap Q HP column, GE
22

Healthcare, Marlborough, MA) and size exclusion chromatography (HiLoad Superdex
200 PG column, GE Healthcare, Marlborough, MA) [25]. The resulting proteins were
labeled with Alexa Fluor® 488 C5 Maleimide and excess dyes were removed by HiTrap
Desalting columns (GE Healthcare, Marlborough, MA). The final protein buffer
consisted of 20 mM HEPES, 150 mM NaCl, and 1 mM TCEP, pH = 7.4.
2.3.3 Sorting Nexin 9 (SNX9)
The pET15b vector containing full length 6XHis-SNX9 was obtained from Addgene. Full
length SNX9 was expressed and purified as previously described [75, 148]. Briefly,
6XHis-SNX9 was expressed in BL21(DE3) RIL CodonPlus bacteria (Stratagene, La Jolla,
CA) and purified with a HisTrap FF column (GE Healthcare, Marlborough, MA) and a
HiLoad Superdex 200 PG column (GE Healthcare, Marlborough, MA). The purified
proteins were labeled with Alexa Fluor® 488 C5-maleimide (Carlsbad, CA) for
fluorescence imaging and unbound dye was removed by passing through three HiTrap
Desalting columns (GE Healthcare, Marlborough, MA). The final protein buffer
consisted of 20 mM HEPES, 150 mM NaCl, and 2 mM Dithiothreitol (DTT), to prevent
cysteine-mediated crosslinking of proteins.
2.3.4 FCH domain only-2 (FCHo2)
Human FCHo2 (hFCHo2, residues 3-274) [43] construct was cloned into pGEX-6P-1 and
was kindly provided by H.T. McMahon (Laboratory of Molecular Biology, Cambridge,
United Kingdom). This construct was used to generate a single cysteine mutant: hFCHo2
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with a single cysteine at position 240 (C86S, C147S, N240C). The single cysteine
construct was expressed as a GST- fusion-protein in BL21(DE3)RIL CondonPlus
bacteria (Stratagene, La Jolla, CA) with IPTG induction at 25 °C and was extracted from
the cell lysate by application to a GST affinity column (GE Healthcare, Marlborough,
MA). The Glutathione (GSH) eluate was then digested with PreScission protease at 4 °C.
The digestion products were next further purified by an ion exchange column (HiTrap SP
HP column, GE Healthcare, Marlborough, MA) and a size exclusion column (HiLoad
Superdex 200 PG column, GE Healthcare, Marlborough, MA). The purified proteins
were labeled with cysteine-reactive dyes: Alexa Fluor® 488 C5-maleimide (AF488). The
final proteins were stored in a buffer containing 20 mM HEPES, 150 mM NaCl, 1 mM
TCEP, and pH = 7.4.
2.3.5 The inverted-BAR domains (I-BARs)
Plasmids encoding the N-terminal IRSp53/MIM domains (IMDs) of mouse missing-inmetastasis (MIM/IMD, residues 1-254), mouse actin-bundling protein with BAIAP2
homology (ABBA/IMD, residues 1-249), human insulin receptor tyrosine kinase
substrate p53 (IRSp53/IMD, residues 1-250) as well as variants of MIM/IMD,
specifically MIM/IMD with residues 1-11 deleted (MIM/IMD D1-11) as well as an
EGFP fused MIM/IMD (MIM/IMD-EGFP), were kindly provided by P. Lappalainen
(University of Helsinki, Finland). These IMD domains were expressed as His-tagged
fusion proteins in BL21(DE3) RIL CodonPlus bacteria (Stratagene, La Jolla, CA), and
purified with a HisTrap FF column (GE Healthcare, Marlborough, MA) and a HiLoad
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Superdex 200 PG column (GE Healthcare, Marlborough, MA). The purified non-EGFP
fused proteins proteins were labeled with Alexa Fluor® 488 C5-maleimide (Carlsbad,
CA) for fluorescence imaging and unbound dye was removed by passing through three
HiTrap Desalting columns (GE Healthcare, Marlborough, MA). The protein buffer
contained 20 mM HEPES, 150 mM NaCl and 1mM TCEP, pH = 7.4.
2.3.6 EGFP
A plasmid encoding the His-tagged, non-dimerizing eGFP (with A206K mutation, noted
as hisEGFP) was kindly provided by J. Stachowiak (UT Austin). This protein was
expressed in BL21(DE3) RIL CodonPlus bacteria (Stratagene, La Jolla, CA) and purified
with a HisTrap FF column (GE Healthcare) and a HiLoad Superdex 200 PG column (GE
Healthcare, Marlborough, MA). Proteins were stored in buffer (20 mM HEPES, 150 mM
NaCl, 1 mM TCEP, pH 7.4) after purification by size exclusion chromatography.
2.3.7 Bradford Assay to determine protein concentration
We used Pierce™ Coomassie Plus (Bradford) Assay Kit (Pierce/Thermo, Rockford, IL)
to determine protein concentrations. In this assay, bovine serum albumin (BSA at 2mg/ml)
was first serially diluted to a range of concentrations with distilled water (typically 7
protein concentration points were chosen as shown in Fig. 2.1). Next, 5 μl of each BSA
dilution was added to 1mL Bradford reagent. The absorbance of each sample at 594 nm
(with reference to absorbance at 850 nm) was plotted, creating a standard curve that
shows a linear trend with increasing protein concentration (Fig. 2.1).
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Figure 2.1 Bradford assay standard. To determine the concentration of our protein
samples, 5 μl of each protein was mixed with 1mL reagent. Absorbance at 594 nm was
measured, and the concentration of protein was calculated based on the BSA linear
standard. This standard was obtained on Jun. 23rd, 2016. The standards were updated
regularly.
Note that the bulk protein concentrations indicated in this dissertation refer to monomer
concentrations whereas protein concentrations given in relation to membrane binding
refer to homodimer densities for BAR proteins and monomer densities for eGFP.
2.3.8 Determine labeling efficiency
The concentration of dye-labeled protein was determined by UV-Vis based on Beer's
Law (A = εLc, L = 1 cm). The absorption wavelengths and corresponding extinction
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coefficients for each dye used in this thesis dissertation are listed in Table 2.1. The dyelabeling efficiency (L.E.) was thus calculated: L.E. = [dye]/[protein].

Dye

Wavelength (nm)

Extinction coefficient , ε (L/mol/cm)

Pacific Blue

400

40,000

Alexa Fluor 488

493

72,000

Alexa Fluor 594

588

96,000

Texas Red

596

85,000

Table 2.1 Absorption extinction coefficients.
In Chapter 3, for proteins that are dual-labeled with PB and AF488, the labeling
efficiency for both fluorophores was determined through absorption measurements. The
concentration of AF488 was determined from its absorbance peak value since the
contribution of PB to the AF488 absorbance peak is negligible. The concentration of PB
was determined by subtracting the contribution of AF488 to PB’s absorbance peak.
Labeling efficiencies were calculated by dividing each dye concentration by the protein
concentration.
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2.4 Fluorimetry measurements to determine dimerization affinity and dimer
dissociation kinetics of endophilin
Both kinetic and equilibrium fluorimetry measurements were performed with a Cary
Eclipse Fluorescence Spectrophotometer with a Peltier-controlled temperature block. In
the Fӧrster resonance energy transfer (FRET) measurements, Pacific Blue labeled single
cysteine mutant of endophilin N-BAR domain (endo_N-BAR _C241-PB) served as the
donor and Alexa Fluor 488 labeled single cysteine mutant of endopihlin N-BAR domain
(Endo_N-BAR _C241-AF-488) served as the acceptor. The ratio of donor/acceptor was
chosen to be 0.5 to promote FRET [25]. The peak values of the emission spectra (455 nm
for PB and 519 nm for AF488) and the peak value of the excitation spectrum of AF488
(495 nm) were chosen for analysis. Proteins were incubated in 150 mM NaCl, 20 mM
HEPES, 1 mM TCEP, pH 7.4 buffer solution.
2.4.1 Casein Passivation
The loss of protein due to surface adsorption during sample preparation and
measurements affects the accuracy of our measurements, particularly at low protein
concentrations. Therefore, before conducting fluorimetry experiments, several methods
(including passivation through incubation with casein, BSA, and PEG, respectively) were
evaluated for their ability to passivate cuvettes, tips, and tubes used in our measurements.
In this evaluation, fluorescence cuvette was first incubated with 0.5% (w/v) casein, BSA
or PEG at room temperature for an hour, and then endo_N-BAR_C241-PB was loaded to
the coated cuvette, followed by time-lapsed monitoring of the PB emission fluorescence
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(Fig. 2.2A). We found that passivation with casein was the most efficient method of
preventing protein loss (less than 3% loss in 1.5 hours). Thus, casein passivation was
used for all of our measurements as follows. Casein was dissolved in protein buffer at 5
mg/ml, and the solution was filtered before use. The casein solution was applied to 1.5 ml
tubes, pipette tips, and quartz cuvettes, followed by incubation for 1 hour at room
temperature. The casein solution was then removed, and the tubes, tips and cuvettes were
rinsed two times with buffer solution.
To demonstrate the effectiveness of this passivation procedure, endo_N-BAR_C241-AF488 was prepared at a range of concentrations (as indicated in Fig. 2.2B-C) using either
casein-passivated (Fig. 2.2C) or non-passivated (Fig. 2.2B) tips, cuvettes, and tubes.
Protein samples were excited at 495 nm and emission was monitored at 519 nm.
Fluorescence intensity at 519 nm was plotted against protein concentration. Significant
deviation from a linear trend for low concentrations of protein (Fig. 2.2B) indicates
protein loss most likely due to surface adsorption during sample preparation and
measurements. Fig. 2.2C shows that casein passivation effectively reduces this protein
loss.
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Figure 2.2 Casein passivation can effectively reduce loss of endo_N-BAR during
incubation and measurements. Figure (A) was collected by Chih-Jung Hsu. (A)
Comparison of the passivation efficiency of 0.5% (w/v) PEG, BSA and casein. (B)
Fluorescence intensity as a function of total protein concentration in the absence of casein
passivation. Endo_N-BAR _C241-AF-488 was excited at 495 nm, and emission was
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measured at 519 nm. (C) Same conditions as those in (A) but with casein passivation of
all tips, cuvettes, and tubes.
2.4.2 Kinetic Measurements
Kinetic measurements determined the dissociation rate constant, 𝑘𝑜𝑓𝑓 , for endophilin NBAR dimerization. Both donor and acceptor samples were diluted separately with buffer
such that the final total subunit concentration was 2 µM, respectively. Each sample was
pre-incubated at the temperature of interest until reaching monomer/dimer equilibrium, as
determined by FRET studies. The following incubation times and incubation
temperatures were chosen: 40 hours at 22 ºC, 9 hours at 27 ºC, 3 hours at 30 ºC, 1 hour at
32 ºC, 18 minutes at 35 ºC, and 10 minutes at 37 ºC. The equilibrated endophilin N-BAR
samples were mixed by pipetting so that the total endophilin N-BAR subunit
concentration remained 2 µM with a donor to acceptor ratio of 0.5. Immediately after
mixing, an excitation scan was taken (Fig. 2.3A, start) and followed by sequential
emission scans (Fig. 2.3B) with excitation at 400 nm to monitor FRET signal with donor
fluorescence quenching at 455 nm and acceptor fluorescence enhancing at 519 nm. The
duration of the time series was the same as the pre-incubation period. Afterwards, a
second excitation scan (Fig. 2.3A, end) was taken to ensure that the endophilin N-BAR
concentration remained constant throughout the experiment. As detailed below, at higher
temperatures, the kinetics of subunit exchange is much faster than at lower temperatures.
Thus, at high temperatures significant monomer exchange may have occurred during the
first excitation scan. To avoid this problem for the highest temperatures considered, the
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sequential emission scans were taken immediately after mixing the two differently
labeled protein samples at 35 ºC and 37 ºC. Via excitation scans using a second sample in
a separate cuvette, we ensured absence of significant protein loss during measurements at
35 ºC and 37 ºC. From the comparison of the peak of the excitation spectrum at 495 nm
preceding and following the time series (a representative example is shown in Fig. 2.3A),
we ensured that protein concentration change was <5% for all temperature trials.
As a representative example of this analysis, we have chosen to show measurements
taken at 37 ºC (Fig. 2.3). In the analysis, the average fluorescence intensity over a
wavelength range of 8 nm in the neighborhood of the peak wavelength was used to
reduce the influence of signal noise.
The time dependence of donor quenching at 455 nm (see arrow in Fig. 2.3B) is plotted in
Fig. 2.3C. FRET efficiency was calculated according to,
𝐸 = 1−

𝐹𝐷𝐴
𝐹𝐷

,

(2.1)

where 𝐹𝐷 is the peak initial donor fluorescence and 𝐹𝐷𝐴 is the donor fluorescence (in the
presence of the acceptor) at the time point of interest. The calculated FRET efficiency is
graphed

in

Fig.

2.3D.

Assuming

a

two-step

process

for

endo_N-BAR

association/dissociation, which is justified in Chapter 3, it can be shown that monomer
exchange kinetics (and thus the time dependence of the FRET signal) depend only on
𝑘𝑜𝑓𝑓 [25, 149, 150], according to:
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𝐸 = 𝐸𝑖𝑛𝑓 (1 − 𝑒 −𝑡∗𝑘𝑜𝑓𝑓 ),

(2.2)

where 𝐸𝑖𝑛𝑓 is the FRET efficiency limit (FRET efficiency at t = ∞). Fitting Eq. 2.2 to the
FRET efficiency values (Fig. 2.3D) yields 𝑘𝑜𝑓𝑓 = 7.63×10-3 𝑠 −1 and 𝐸𝑖𝑛𝑓 = 41.6% for
this measurement at 37 ºC.
For the measurements just described, endo_N-BAR domains were labeled with two
fluorophores (PB and AF488). It is important to evaluate the potential influence of the
fluorescent labels on the kinetics of endo_N-BAR dimerization/dissociation. We
therefore asked the question if the presence of labels on endo_N-BAR alter the kinetics of
protein dimerization/dissociation. In the absence of such an effect, the overall equilibrium
between dimers and monomers will not be perturbed through labeling [150]. To answer
this question, a kinetic measurement at 37 ºC was carried out to monitor the monomer
exchange kinetics of unlabeled and labeled endo_N-BAR.
For this purpose, the following solutions were separately equilibrated at 37 ºC: a 2 µM
solution of dual-labeled endo_N-BAR (labeled both with PB and AF488 at a measured
ratio of D/A = 0.44) and a second solution of unlabeled endo_N-BAR (2 µM). After
monomer/dimer equilibrium was established at this temperature, the two solutions were
quickly combined and sequential emission scans were obtained. The initial scan showed
maximal FRET. With increasing time, the FRET efficiency decreased, showing an
increase in the donor emission at the emission maximum of the donor (𝜆𝐷𝑒𝑚 = 455 nm)
(Fig. 2.3E), which was termed donor dequenching here. The extent of donor dequenching,
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𝐸 ′ , shown in Fig. 2.3F, was fitted with Eq. 2.2 (with 𝐸 exchanged by 𝐸 ′ ), yielding 𝑘𝑜𝑓𝑓 =
6.15×10-3 𝑠 −1 (i.e. comparable to the value found for the donor quenching experiment),
′
and 𝐸𝑖𝑛𝑓
= 17.9% (i.e. close to half of 𝐸𝑖𝑛𝑓 41.6% determined in the donor quenching

experiments, as expected).
Kinetic measurements of endo_N-BAR dissociation in urea solution were carried out at
37 ºC. endo_N-BAR _C241-PB and endo_N-BAR _C241-AF-488 were equilibrated
separately in 0 M, 0.25 M, 0.5 M, 0.75 M, and 1 M urea buffer solution, respectively, and
then mixed. A sequential emission scan was taken immediately after mixing, to assess the
FRET signal. The resulting trends of FRET efficiency with respect to time was fit with a
two parameter model to obtain 𝑘𝑜𝑓𝑓 .
Kinetic measurements of endo_FL dissociation in urea solution were carried out at 37 ºC.
Endo_FL _C241-PB and endo_FL _C241-AF-488 were equilibrated separately in 0.75
M, 1 M, 1.25M urea buffer solution, respectively, and then mixed. A sequential emission
scan was taken immediately after mixing, to assess the FRET signal. The resulting trends
of FRET efficiency with respect to time was fit with a two parameter model to
obtain 𝑘𝑜𝑓𝑓 .
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Figure 2.3 FRET kinetic experiment protocol for endo_N-BAR monomer exchange.
(A) Excitation scans of mixed endo_N-BAR _C241-PB and endo_N-BAR _C241-AF35

488 collected before and after a series of emission scans as described in the main text,
Donor/Acceptor = 0.5 and 2 µM total protein, at 37ºC. (B) Sequential emission scans
(every 20 seconds) of same sample as (A) at 37ºC. Arrow indicates the time line. (C)
Fluorescence intensity from (B) at the wavelength indicated by the dashed arrow records
the donor quenching signal. (D) FRET efficiency calculated from donor quenching,
fluorescence relative to the initial value in (C), with single-exponential fit (line) yielding
𝑘𝑜𝑓𝑓 = 7.63×10-3 𝑠 −1 , 𝐸𝑖𝑛𝑓 = 41.6% (using Eq. 3). (E) Sequential emission scans (every
20 seconds) of a mixed sample with dual-labeled endo_N-BAR (C241-PB and C241-AF488, D/A = 0.44 sample and unlabeled endo_N-BAR, dual-labeled/unlabeled = 1:1 and 2
µM total protein, at 37 ºC. Arrow indicates the time line. (F) Fluorescence intensity from
(E) at the wavelength indicated by the dashed arrow allows calculation of the
dequenching extent, 𝐸 ′ relative to the initial intensity. A single-exponential fit (line)
′
yielded 𝑘𝑜𝑓𝑓 = 6.15×10-3 𝑠 −1 , 𝐸𝑖𝑛𝑓
= 17.9%.

2.4.3 Equilibrium Measurements.
The goal of equilibrium FRET measurements was to determine the dissociation
constant, 𝐾𝐷 , of endo_N-BAR. As for kinetic measurements, casein passivation was used.
In order to further reduce experimental errors resulting from pipetting and adsorption, we
determined donor and acceptor content of mixed samples from fluorescence
measurements. The procedure to quantify sensitized emission in the mixed sample and to
relate it to endo_N-BAR dimerization affinity is related to the procedure described in
Refs [151, 152].
36

Fig. 2.4A and 2.4B shows the emission and excitation scans, respectively, of a mixed
sample FRET pair, a donor-only sample and an acceptor-only sample [152]. The
concentrations of the donor and acceptor in the respective standard solutions were
identical to the values in the mixed sample. Fig. 2.4A indicates that donor-only emission
(blue line) is maximal at 𝜆𝐷𝑒𝑚 , while the acceptor-only emission (red line) at 𝜆𝐷𝑒𝑚 is
negligible. The emission at 𝜆𝐷𝑒𝑚 , therefore, arises entirely from the donor. Excitation
scans (Fig. 2.4B) reveal that the excitation of the acceptor-only sample (green line) is
𝐴
maximal at 𝜆𝑒𝑥
, which is an excitation wavelength leading to negligible donor excitation
𝐴
(Fig. 2.4B, blue line). This means that measured emission at 𝜆𝑒𝑥
, upon direct excitation

of the acceptor, is due to the acceptor only. Additionally, note that the emission spectrum
of the mixed sample (Fig. 2.4A, green line) has two peaks.
As shown above, the fluorescence at 𝜆𝐷𝑒𝑚 of a donor / acceptor mixture arises from donor
𝐴 )
fluorescence only. However, the fluorescence intensity 𝐹𝑒𝑚 (𝜆𝑒𝑚
of a mixed sample has
𝐴 )
three sources: a direct donor contribution, 𝐹𝐷𝐴 (𝜆𝑒𝑚
; a direct acceptor contribution,
𝐴 );
𝐴 ).
𝐹𝐴 (𝜆𝑒𝑚
and the sensitized emission of the acceptor, 𝐹𝑠𝑒𝑛 (𝜆𝑒𝑚
These relationships are

shown below:
𝐴 )
𝐴 )
𝐴 )
𝐹𝑒𝑚 (𝜆𝑒𝑚
= 𝐹𝐴𝐷 (𝜆𝑒𝑚
+ 𝐹𝐷𝐴 (𝜆𝑒𝑚
,

(2.3)

𝐴 )
𝐴 )
𝐴 )
𝐹𝐴𝐷 (𝜆𝑒𝑚
= 𝐹𝐴 (𝜆𝑒𝑚
+ 𝐹𝑠𝑒𝑛 (𝜆𝑒𝑚
.

(2.4)

𝐴 )
𝐴
Here, 𝐹𝐴𝐷 (𝜆𝑒𝑚
is the total acceptor emission at 𝜆𝑒𝑚
(in the presence of the donor).
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The observations above indicate that emission scans of the donor-only sample and
excitation scans of the acceptor-only sample can be used to calculate the direct
contribution of donor and acceptor in emission spectra of mixed samples, and, further, to
obtain the amount of FRET for each sample [152]. To perform equilibrium measurements,
a donor-only standard and an acceptor-only standard were prepared as well as ten mixed
samples with varying concentrations [151]. To keep the acceptor fraction constant across
individual concentration points, the most concentrated sample of the series with mixed
donor and acceptor was prepared and then diluted to the additional nine desired
concentrations. To establish monomer-dimer equilibrium, the samples were incubated at
specific temperatures for equilibration times indicated by kinetic measurements. For each
sample, two scans were obtained: an excitation scan from 450 nm to 508 nm with an
emission wavelength at 519 nm, and an emission scan from 420 nm to 580 nm with an
excitation wavelength 400 nm. For all excitation and emission spectra, any buffer
contribution was subtracted from all sample spectra.
Fig. 2.4C-F shows the data processing protocol for equilibrium measurements in detail
[152]. Firstly, as shown in Fig. 2.4C, the comparison of the acceptor standard excitation
spectrum, 𝐹𝐴,𝑆 𝑒𝑥 , and the mixed sample excitation spectrum, 𝐹𝑒𝑥 , (both at the wavelength
𝐴
𝜆𝑒𝑥
of maximal acceptor excitation) yields the ratio,

𝐹𝑒𝑥 (𝜆𝐴
𝑒𝑥 )
𝐹𝑆

𝐴, 𝑒𝑥

(𝜆𝐴
𝑒𝑥 )

= 𝑅𝐴 .

(2.5)
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From this ratio, the direct acceptor contribution to the emission spectrum of a mixed
sample can be calculated as follows (Fig. 2.4D):
𝐹𝐴,𝑆 𝑒𝑚 ∗ 𝑅𝐴 = 𝐹𝐴

(2.6)

Here, 𝐹𝐴,𝑆 𝑒𝑚 and 𝐹𝐴 are emission spectra of the acceptor standard, and the calculated
emission due to direct excitation of acceptor in the mixed sample, respectively. As a
𝐴
result, the emission spectrum, 𝐹𝐴 , from direct acceptor excitation at 𝜆𝑒𝑚
, can be

subtracted from the emission spectrum of the mixed sample.
Secondly, to subtract the donor emission from the spectrum of the mixed sample, a
𝑆
comparison of donor standard emission spectrum, 𝐹𝐷,
, and mixed sample emission
𝑒𝑚

spectrum, 𝐹𝑒𝑚 , yields the ratio (Fig. 2.4E),
𝐹𝑒𝑚 (𝜆𝐷
𝑒𝑚 )
𝐹𝑆

𝐷, 𝑒𝑚

(𝜆𝐷
𝑒𝑚 )

= 𝑅𝐷

(2.7)

As a result, the contribution of donor emission in the spectrum of the mixed sample can
be calculated (Fig. 2.4F):
𝑆
𝐹𝐷,
∗ 𝑅𝐷 = 𝐹𝐷𝐴
𝑒𝑚

(2.8)

Accordingly, both the contributions from acceptor emission through direct excitation, 𝐹𝐴 ,
𝐴 )
and donor emission, 𝐹𝐷𝐴 , can be accounted for. According to Eqs. (S3-4), 𝐹𝑠𝑒𝑛 (𝜆𝑒𝑚
(Fig.

39

𝐴 )
𝐴 )
𝐴 ),
2.4F) can be calculated by subtraction of 𝐹𝐴 (𝜆𝑒𝑚
and 𝐹𝐷𝐴 (𝜆𝑒𝑚
from 𝐹𝑒𝑚 (𝜆𝑒𝑚
to

allow calculation of

𝐹𝑠𝑒𝑛 (𝜆𝐴
𝑒𝑚 )
𝐹𝐴 (𝜆𝐴
𝑒𝑚 )

for each sample.

We note that under conditions where the acceptor fraction (ratio of acceptor-labeled
proteins relative to total protein concentration) is constant, this ratio is directly
proportional to the FRET efficiency. We monitor

𝐹𝑠𝑒𝑛 (𝜆𝐴
𝑒𝑚 )
𝐹𝐴 (𝜆𝐴
𝑒𝑚 )

with respect to varied total

protein concentrations 𝐶𝑇 and fit the results with the following equation [151],

𝐹𝑠𝑒𝑛 (𝜆𝐴
𝑒𝑚 )
𝐹𝐴 (𝜆𝐴
𝑒𝑚 )

=𝐴

2 +8𝐶 𝐾
4𝐶𝑇 +𝐾𝐷 − √𝐾𝐷
𝑇 𝐷

4𝐶𝑇

,

(2.9)

which yields the dissociation constant, KD, and the value of A (which is the
𝐹𝑠𝑒𝑛 (𝜆𝐴
𝑒𝑚 )
𝐹𝐴 (𝜆𝐴
𝑒𝑚 )

value for an infinitely large 𝐶𝑇 ).
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Figure 2.4 Emission and excitation scans of two standards and a mixed sample.
Green: Mixed sample (donor/acceptor = 0.5), total protein concentration 0.3µM; blue:
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donor only standard; red: acceptor only standard. Concentration of the donor and
acceptor in the respective standard solutions were the same as in the mixed sample.
Buffer: 20mM HEPES, 150mM NaCl, 1mM TCEP, pH = 7.4. (A) Emission scans
(excitation at 400 nm) reveal that acceptor emission at 𝜆𝐷𝑒𝑚 is negligible. (B) Excitation
𝐴
scans (emission collected at 519 nm) reveal that donor excitation at 𝜆𝑒𝑥
is negligible. All

spectra in both (A) and (B) are averaged from 10 scans (after blank subtraction). (C)
Comparison of the excitation spectra of sample, 𝐹𝑒𝑥 , and acceptor standard 𝐹𝐴,𝑆 𝑒𝑥 , yields a
ratio, 𝑅𝐴 , by equation (2.5). (D) Calculation of the direct acceptor contribution, 𝐹𝐴 , via
equation (2.6). (E) Comparison of the emission spectrum of each sample and donor
standard yields another ratio, 𝑅𝐷 , according to equation (2.7). (F) Calculation of the
direct donor contribution, 𝐹𝐷𝐴 , via equation (2.8) determines the sensitized emission,
𝐴 ).
𝐹𝑠𝑒𝑛 (𝜆𝑒𝑚

2.5 Liposome tubulation assay and negative staining electron microscopy (EM)
imaging
LUVs with 400 nm diameter were prepared as described above. For lipid control, LUVs
were applied directly to Formvar/Carbon 200 mesh, Copper grids (Electron Microscopy
Sciences, Hatfield, PA) for 2 min. To measure tubulation, proteins were incubated with
LUVs (for BAR proteins, the protein/lipid ratio = [5-10] μM/0.1mg/ml was used) at room
temperature for 30 min and then applied to grids for 2 min. Excess material was removed
from the grids by buffer rinse and filter paper blotting. Next, the grids were stained with 2%
(w/v) uranyl acetate for 2 min, followed by buffer rinse and filter paper blotting.
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Afterwards, grids were air-dried at room temperature and then imaged with a JEM 1011
transmission electron microscope (JEOL) with 100 kV accelerating voltage.
2.6 GUV shape stability assay
To investigate the membrane deformation ability of the BAR domain-containing proteins
and of the crowding effect, we employed a GUV-based membrane shape stability assay
based on micropipette aspiration (see Fig. 2.5A) to study the geometry changes of a
single GUV when incubated with a BAR-domain-containing protein solution. The
techniques involved in this assay are described below.
2.6.1 GUV transfer equipment and operations
As shown in Fig. 2.5A, separate GUV dispersion (membrane labeled with red dye) and
protein solution (labeled with green dye) were prepared as described in Refs [153, 154].
Both solutions were 375 μl in volume and were diluted from stock GUV and protein
solutions to designated concentrations by using a buffer containing sucrose (400mM) :
glucose (400mM) : protein buffer (20 mM HEPES, 150 mM NaCl) at a 1 : 1 : 1 ratio.
This dilution buffer had an osmolarity that was approximately 20% higher than the GUV
stock solution, which ensured that GUVs were sufficiently flaccid to allow for pipette
aspiration. The solution conditions ensured that vesicle transfer occurred between two
solutions of identical composition, except for the presence of protein in the receiving
solution. Therefore, any observed changes in GUV geometry can be ascribed solely to
protein binding, as opposed to any other changes in solution conditions. The preparation
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of GUV aspiration micropipettes and transfer capillary tubes was previously described
[25, 147]. The micropipettes were casein-coated before use to avoid membrane adhesion
to the inner micropipette walls. All experiments were carried out at room temperature.
The procedure of transferring a single GUV from the GUV dispersion into the protein
solution includes the following steps [154]. First, the zero pressure of the system is
carefully adjusted before aspirating GUVs. Next, the aspiration pressure is reduced to a
negative value to aspirate a single GUV, and then the membrane tension of the GUV is
adjusted to a desired value by adjusting the pipette aspiration pressure. Afterwards, the
transfer capillary is manually moved forward to cap the aspirated GUV. The capped
GUV is then removed from the GUV solution (red in Fig. 2.5A) and inserted into the
protein solution (green in Fig. 2.5A), upon which the transfer capillary is manually
moved backward to expose the GUV to protein solution. Finally, the protein binding and
GUV shape transition process is monitored via confocal microscopy imaging as soon as
the transfer capillary is removed and the GUV is exposed to protein solution (which
defines t = 0). Confocal fluorescence imaging (Objective: 60x W 1.1 NA, Olympus,
Center Valley, PA) was used to continuously capture protein density increase on the
membrane and to follow GUV geometry changes induced by protein binding (Fig. 2.5B).
Imaging was continued until the protein density on the GUV reached thermodynamic
equilibrium (as defined by the absence of additional changes). The fluorescence
intensities thus obtained were converted into an “equilibrium protein density”.
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Figure 2.5 GUV shape stability assay. A representative example of the amphiphysin
induced GUV geometry changes in GUV shape stability assay. (A) The geometry of
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glass-pipette aspirated GUV and the process of transferring a GUV from a GUV
dispersion to protein solution (the parameters used for calculation of membrane tension
are as follows: Rv : GUV radius; RP : micropipette radius; LP : projection length; ∆P:
pressure difference). A GUV was aspirated from a GUV dispersion (red) and protected
with an outer capillary, then was transferred to a protein solution (green). After transfer,
the capillary was removed and then GUV was exposed to proteins, after protein binding,
the GUV was tubulated. (B) Time-lapsed confocal image of a transferred GUV in an
Amphiphysin N-BAR domain solution. Arrows indicate tubules formed towards the
outside of the GUV. Scale bar = 10 μm. (C) Plot of protein density on GUV and the
apparent area of the GUV. Red dashed line indicates that the apparent area was stable (red
dashed line) before the transition point (red arrow) when the area started to decrease. (D)
Volume trace of the GUV example shown in (C). Volume is constant after transfer.
Buffer: 7 mM HEPES, 50 mM NaCl, pH = 7.4. GUV composition: 45% DOPS + 30%
DOPE + 24.5% DOPC + 0.5% Texas Red-DHPE.
2.6.2 Data processing
The geometry of the aspirated GUV and the parameters used for the calculation of
membrane tension and geometry changes (GUV radius, Rv, micropipette radius, Rp,
length of pipette-aspirated vesicle fraction, i.e. the projection length, Lp, and pressure, ∆P)
are shown in Fig. 2.5A. Image J was used to measure micropipette radius and projection
length, while a Matlab code was used to determine GUV radius and average fluorescence
intensity on the GUV contour [154].
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Membrane tension, 𝜎, of a spherical lipid vesicle that is aspirated with a micropipette,
where the projection length is longer than pipette radius and the shape of the cap is
hemispherical, is determined by the following equation:



P
.
1
1
2(  )
R p Rv

(2.10)

The vesicle membrane area was calculated as follows (Fig. 2.5C):

Area  t   4 Rv  t   2 Rp Lp (t ) .
2

(2.11)

This area was used as an indicator of the GUV geometry change, and the GUV shape
instability transition point was determined by the following procedure. To determine the
transition density, we first chose several (minimally three) measurement points where the
membrane area was observed to be constant (Fig. 2.5C, dashed red line), and determined
the standard deviation (STD) and average value for this set of pre-transition points. In
order to rigorously define a threshold for the shape transition instability, we subtracted
2*STD from that average value. We then determined the transition area (and time) from
linear interpolation using the two area data points immediately above and below,
respectively, of the threshold value. Likewise, the transition density was found from the
transition time defined above and linear interpolation of the protein area density
measurements (Fig. 2.5C, red arrow).
We also calculated the volume of the aspirated GUV as:
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4
Volume(t )   Rv3 (t )   RP2 (t )* LP .
3

(2.12)

It is important to note that the GUV volume remained constant over the course of each
experiment (Fig. 2.5D). This condition is essential for the interpretation of our
experimental results because it ensures that protein binding does not lead to membrane
pore formation, since volume changes induced by bulk flow through pores would result
in concomitant projection length changes, which would interfere with our method to
observe the onset of tubulation transitions.
For I-BAR proteins, unlike N-BAR proteins, tubules formed toward the interior of the
GUV. To monitor inward tubulation, we further acquired time-lapsed mean fluorescence
intensities in the GUV interior by defining a disk-shaped region of interest within the
GUV contour and measured the mean fluorescence intensity inside of the circle defining
this region of interest (Fig. 6.4).
2.7 Calibration of protein density on membrane
The protein density on the membrane (number of BAR domain protein dimers per unit
area) was obtained from protein fluorescence intensity measurements which were
converted based on the linear relationship between number density of molecules and dye
fluorescence. The conversion factor was obtained by imaging GUVs containing
BODIPY-labeled lipids (BODIPY contents from 0.1~ 0.7 mol%) and DOPC (100% BODIPY%) under identical experimental settings [154, 155]. The brightness difference
between BODIPY and AF488 was determined to be BODIPY/AF488 = 0.5 by imaging
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the BODIPY-contained SUVs and AF488-labeled proteins under the same conditions
[156]. The brightness difference as well as the protein’s labeling efficiency (L.E.) was
considered to determine the conversion factor from fluorescence intensity (F.I.) to protein
density (ρ). The lipid head group area was estimated using an average value of 0.7 nm2.
For the most current calibration in our laboratory, obtained on 4/16/2016, protein
(monomer) density (μm-2) can be calculated by ρ= F.I. /L.E. /(1.48 ±0.20) (Fig. 2.6).

Bodipy calibration

F.I. (a.u.)

20000
15000
10000
5000
0
0.0

0.2

0.4

0.6

0.8

Bodipy %

Figure 2.6 Calibration of membrane-bound protein density with BODIPY-labeled
lipids. This calibration standard was obtained on 4/16/2016 and is presented as example.
Brightness conversion: BODIPY/AF488 = 0.5. The lipid head group area was estimated
to be an average value of 0.7 nm2. Fitting equation: F.I. = (21160±2871)*[Bodipy %].
Density (μm-2) of monomer = F.I./L.E./(1.48 ± 0.20); Density of dimer = F.I./L.E./(2.96 ±
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0.40).

Images were taken under solution conditions as used in the GUV transfer

experiments (7 mM HEPES, 50 mM NaCl, pH = 7.4).
2.8 Curvature sorting assay
A GUV-pulled tether system was used to test the membrane curvature sorting of proteins
[34, 157]. Briefly, GUV dispersions were co-incubated with proteins to reach binding
equilibrium, then polystyrene beads were added to the mixture, and the whole solution
was placed in a glass chamber and mounted onto a confocal microscope. Two
micropipettes were inserted into the chamber: one to aspirate a GUV, and the other one to
aspirate a bead to pull a cylindrical tether from the GUV. The fluorescence intensities of
protein (Alexa 488) and lipid (Texas Red) on the tether were recorded through xz scans
of the cross-section of the tether under varied membrane tension, and the ratio
(Ir=Igreen/Ired) was normalized by the ratio on the vesicle (Ir0=Ives-green/Ives-red). The radius
of pulled tube was calculated from membrane tension based on the model used in Ref.
[155]. Buffers used for these measurements were the same as those used in the GUV
shape stability assay.
2.9 Tether pulling force measurements
The same chamber as described in the curvature sorting assay was mounted on an
inverted microscope (1X71; Olympus, Center Valley, PA) equipped with a home built
optical trap as described in Refs [156, 158]. A 20 μm tether was pulled from an aspirated
GUV through a bead controlled by the optical trap. The tether pulling force f was
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determined by: f = kx, where k is the trap stiffness and x is the displacement of the
bead relative to its equilibrium position. The stiffness of the trap was calibrated by the
drag-force method[159] each time before pulling a tether. Aspiration pressure was
changed after the formation of a stable tether to obtain the relation between tether pulling
force f and membrane tension σ. Each tension was maintained until the pulling forces
reached equilibrium feq (typically a few seconds for bare GUVs and 1~2 min for GUVs
incubated with proteins). A linear fit was then carried out for the measured feq vs. σ0.5
relation to get a slope and an intercept value. For each experimental situation considered,
feq vs. σ0.5 relations were measured on tethers pulled from at least five independent GUVs.
2.10 Statistical tests
a. Student’s t-test was used in this dissertation to determine whether two data sets are
significantly different.
To conduct a t-test,
1. First input the two data sets in two different arrays (array1, array2) in an excel file
(Microsoft office 2010);
2. Then type in an empty cell: =TTEST(array1, array2, tails, type)
Here, manually choose array1 and array2 in excel, and type in the numbers corresponding
to “tails” and “type”. Specifically, tail = 1 is a one-tailed distribution and tail = 2 is a twotailed distribution (in this dissertation, two-tailed t-test is used for all the comparisons).
Additionally, there are 3 types of t-test to perform: type =1: paired; type =2: two-sample
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equal variance (homoscedastic); type =3: two-sample unequal variance (heteroscedastic).
Choose of types depends on the specific data sets.
3. The t-test returns a P values: P > 0.05: no significant difference (N.S.); P < 0.05: *; P
< 0.005: **; P < 0.0005: ***.
b. To determine whether the slopes and intercepts of two linear regressions are
significantly different, I used GraphPad Prism 5:
1. Input the two data sets to a new XY date sheet;
2. Choose “analysis”  “linear regression”  “compare: test whether slopes and
intercepts are significantly different”;
3. The analysis returns a subpage “Are lines different?” under “Results”, in which we
will see two parts: “Are the slopes equal?” and “Are the elevations or intercepts
equal?”. Under each part, an F value and a P value is calculated. The P values tell the
result of comparisons: P > 0.05: no significant difference (N.S.); P < 0.05: significant
difference.
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Chapter 3 Intradimer / intermolecular Interactions Suggest Autoinhibition Mechanism in Endophilin A1b
Endophilin, a peripherally binding membrane protein, functions in multiple membrane
trafficking processes which involve changes in membrane curvature [28-32]. The
function of this protein includes both membrane curvature sensing [33, 34], and curvature
generation [35].
Endophilin consists of an N-terminal helix (H0), a Bin-Amphiphysin-Rvs (BAR) domain,
a Src Homology 3 (SH3) domain, and a flexible linker to connect the BAR domain with
the SH3 domain (Fig. 3.1A) [24]. The BAR domain is known to mediate the dimerization
of endophilin [24, 36, 37]. The mechanism of endophilin’s function is believed to depend,
at least in part, on the effect of scaffolding through the crescent shape of the protein (Fig.
3.1B) [4, 9, 38, 39]. The shape of endophilin’s membrane binding interface is defined by
its dimeric structure [36, 37]. Knowledge of the thermodynamics of endophilin
dimerization is crucial to understand the function of the protein. The SH3 domain of
endophilin recruits dynamin and synaptojanin [30, 73, 74]. However, the role of the SH3
domain in clathrin-mediated endocytosis (CME) is not yet fully understood. For example,
Bai et al. [32] reported that the endocytic function of endophilin is independent of the
SH3 domain, while Milosevic et al. reached opposing conclusions [160]. Vazquez et al.
b

Parts of this chapter are adapted from: J. Am. Chem. Soc. 2014, 136, 4557−4564.
Zhiming Chen, Ken Chang, Benjamin R. Capraro, Chen Zhu, Chih-Jung Hsu, and
Tobias Baumgart. Intradimer/Intermolecular Interactions Suggest Autoinhibition
Mechanism in Endophilin A1. Copyright © 2014 American Chemical Society.
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[72] have performed molecular-dynamics (MD) simulations to study properties of a
hypothesized H0-SH3 complex in solution and proposed an auto-inhibition model where
the SH3 domain and H0 helix from the same sub-unit form a complex through
hydrophobic and salt-bridge interactions. This auto-inhibition model is in agreement with
a previous study based on small-angle x-ray scattering (SAXS), which suggested that
each SH3 domain is best fitted when assumed to be localized near the distal end of the NBAR dimer, where the H0 helix is located [75]. Finally, Meinecke et al. reported that the
membrane binding of endophilin is auto-inhibited when dynamin is absent from solution
[76]. However, little experimental evidence for an H0-SH3 based auto-inhibition
mechanism has been reported. We fill this gap via measurements of endophilin dimer
dissociation kinetics.

Figure 3.1 Endopihlin structure. (A) Domain structure of full-length endophilin; (B)
Crescent shape of dimeric endophilin BAR domain (PDB: 2C08).
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Kinetic characterization of protein/protein association has commonly been performed via
techniques such as subunit crosslinking [62, 63], size exclusion chromatography [64], or
spectroscopic techniques [65-68]. Surface plasmon resonance (SPR) represents an
alternative kinetic technique, although its limitations in kinetic studies of protein
association have been discussed [69]. Subunit exchange with detection by Förster
resonance energy transfer (FRET) circumvents many of the challenges associated with
applying the above mentioned technique to the study of homodimers.
In this chapter, we develop a model for molecular interactions in the full length
endophilin protein dimer in two steps. We first focus on endophilin’s N-BAR domain to
illuminate the physicochemical basis for the strong dimerization affinity of endophilin.
We extend our kinetic and thermodynamic investigation of endo_N-BAR to a range of
different temperatures to provide a basis for a mechanistic discussion of endo_N-BAR
dimer dissociation. We discuss the contributions of various classes of molecular
interactions to the stability of endo_N-BAR dimers and elucidate the mechanism of the
endo_N-BAR monomer exchange reaction. Furthermore, to investigate molecular
interactions in the full length protein (endo_FL), we develop a kinetic method that allows
us to reveal significant differences in dissociation kinetics for endo_FL relative to
endo_N-BAR. Mutants lacking either H0 helix (endo_dH0) or SH3 domain (endo_dSH3)
showed significantly faster dissociation kinetics relative to endo_FL. This observation is
consistent with an intra-dimer, inter-monomer cross-interaction of H0 helix and SH3
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domain from different subunits of the same homodimer in solution. We finally propose a
model for intra-dimer auto-inhibition that is based on this cross-interaction.
3.1 Fluorescence probe to investigate molecular interactions
FRET was used as an approach to monitor the subunit exchange kinetics and to probe the
equilibrium binding affinity of endophilin A1 in solution. Endophilin was labeled with
Pacific Blue or Alexa 488 at position 241 to create a donor / acceptor FRET pair.
Monomer exchange kinetics was monitored (except where indicated otherwise) after
mixing differently labeled proteins while maintaining a constant overall protein
concentration. Equilibrium binding affinity was measured after equilibrating mixed
differently labeled proteins with varied concentrations. The data analysis of the kinetics
results used previously established protocols [149, 150, 161]. The method we used to
quantify sensitized emission in the mixed sample at equilibrium, and to relate it to the
dimerization affinity, is closely related to the Em-ex method described in Refs. [151, 152]
(see Chapter 2 for detailed experimental procedures).
3.2 Two-state dimerization model
Several kinetic schemes have been proposed to describe protein-protein association
processes. A four-state model, including experimentally observed encounter and
intermediate complex, was reviewed by Schreiber [162]. However, for some cases, the
association process has been shown to follow a three-state or two-state scheme [162].
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The investigation of the dependence of protein/protein dissociation (and association)
kinetics on denaturant concentration can yield important information on the mechanism
of the reaction. Therefore, we use a kinetic FRET method to determine the dissociation
rate constant, 𝑘𝑜𝑓𝑓 , for endo_N-BAR as a function of urea concentration at 27 C (see
Chapter 2 for details). As shown in Fig. 3.2, kinetic measurements of endo_N-BAR
monomer exchange revealed a linear trend of log( 𝑘𝑜𝑓𝑓 ) as a function of denaturant
concentration. This suggests that endo_N-BAR homodimer dissociation occurs through a
two-state process in which monomers and dimers are the only two significantly populated
species [150, 163]. In the following, we therefore interpret all experiments based on the
two-state hypothesis, and provide additional justification for this hypothesis below.
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Figure 3.2 Kinetic test of two-state dimer dissociation / monomer association by
adding the denaturant urea. A plot of log(𝑘𝑜𝑓𝑓 ) vs. urea concentration revealed a
linear trend. Error bars: standard error of the mean (SEM).
3.3 Temperature dependence of endo_N-BAR dissociation kinetics
We used a FRET approach that involved mixing two protein samples, each labeled
separately with donor and acceptor, respectively, and monitoring increased FRET through
subunit exchange. By fitting these kinetic FRET data, we determined 𝑘𝑜𝑓𝑓 for endo_NBAR dimer dissociation at different temperatures to extract activation parameters. We
note that it can be shown analytically that the subunit exchange kinetics monitored here
via FRET are indeed expected to be independent of the on-rate of monomer association
[62]. Fig. 3.3A summarizes the results of these kinetic measurements. As shown in Fig.
2.3D, the FRET efficiency time traces were well fitted by a single exponential function
(Eq. 2.2). The first-order nature of the dissociation process supports our two-state
hypothesis. Measurements were carried out at temperatures ranges from 22 C to 37 C.
The dissociation rate constant, 𝑘𝑜𝑓𝑓 , ranged from 3×10-5 𝑠 −1 at 22 C to 6×10-3 𝑠 −1 at 37
C (see Table 3.1)..
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Figure 3.3 Temperature dependence of dissociation rate constant for endo_N-BAR
by FRET. (A) 𝑘𝑜𝑓𝑓 values ranged from 3×10-5 𝑠 −1 at 22 C to 6×10-3 𝑠 −1 at 37 C. (B)
ln(𝑘𝑜𝑓𝑓 /𝑇) follows a linear trend with respect to 1/𝑇, which corresponds to the linear
form of the Eyring-Polanyi equation, Eq. 3.1. Intercept and slope report activation
enthalpy of 66 kcal/mol and activation entropy of 140 cal/mol/K. (C) Comparison of
averaged 𝑘𝑜𝑓𝑓 values obtained from two different kinetic measurements ( 𝑘𝑜𝑓𝑓 value
obtained from mixing dual-labeled proteins with unlabeled proteins and that from mixing
two single-labeled proteins). Error bars (standard error of the mean) for each data point
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were calculated from at least three trials for each sample. Total protein concentration = 2
μM.
The bar graphs in Fig. 3.3 show average values from at least three trials for all the
temperature points except for 22 C, where measurements demand roughly 40 hours and
two trials with sufficient agreement were collected (potential protein misfolding and
hydrolysis were excluded based on circular dichroism spectra and gel electrophoresis for
samples incubated at room temperature for this duration). An increase in the endo_NBAR dissociation rate constant was observed with increasing temperature. ln(𝑘𝑜𝑓𝑓 /𝑇)
follows a linear trend with respect to 1/𝑇 in the temperature range from 22 C to 37 C
(Fig. 3.3B). To interpret measured reaction rate constants, several rate theories have been
developed. The theories that have been most widely applied to biological systems are due
to Eyring, Kramers and Smoluchowski, respectively [164]. Here, we use the EyringPolanyi theory to interpret the endo_N-BAR dimer dissociation process [164, 165]:
𝑘𝑜𝑓𝑓

ln (

𝑇

)= −

𝛥𝐻 ≠
𝑅𝑇

𝑘

+ ln ( ℎ𝐵 ) +

∆𝑆 ≠

(3.1)

𝑅

where 𝑘𝐵 is the Boltzmann constant, ℎ is Planck’s constant, 𝑅 is the ideal gas constant, 𝑇
is absolute temperature, 𝛥𝐻 ≠ is enthalpy of activation, and ∆𝑆 ≠ is entropy of activation.
The activation enthalpy and entropy of endo_N-BAR dimer dissociation are thus
obtained from the slope, −

𝛥𝐻 ≠
𝑅

𝐾

, and intercept, ln ( ℎ𝐵 ) +

∆𝑆 ≠
𝑅

, of the linear fit, leading to

an activation enthalpy of 66 kcal/mol and an activation entropy of 140 cal/mol/K.
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Temperature points lower than room temperature or higher than 37 C were not
considered due to two limitations: when temperature is lower than room temperature,
long equilibration times (approximately 1 month at 15 C, and 9 years for 4 C; from
extrapolation) are needed for a single kinetic measurement. For temperatures higher than
40 C, reactions will equilibrate in a very short time (approximately 3 minutes at 42 C).
Consequently, the initial FRET would overestimate that of a non-exchanged mixture.
The potentially artifactual effect of dye labeling on the kinetics of endo_N-BAR
dimerization/dissociation was evaluated by comparing the results obtained from two
different kinetic measurements at the same temperature: monitoring the kinetics of
mixing dual-labeled protein with unlabeled protein and the kinetics of mixing two singlelabeled protein samples (see Fig. 2.3E-F). The results are shown in Fig. 3.3C, where
values for the dual-labeled sample are averaged from three measurements and those for
the single-labeled sample are averages from five measurements.
A Student t-test yielded a t-value of 𝑡𝑐𝑎𝑙 = 0.95, corresponding to P > 0.05 and thus
no significant difference was observed for the kinetics of labeled and unlabeled endo_NBAR domains. We conclude that it is unlikely that the labels on endo_N-BAR alter the
kinetics of protein dimerization and dissociation or perturb the equilibrium between
endo_N-BAR dimers and monomers.
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3.4 Temperature dependence of endo_N-BAR equilibrium dimerization affinity
In order to determine the dimerization affinity of endo_N-BAR, equilibrated samples
were used for FRET measurements (see Chapter 2). Fig. 3.4 shows an example of
measurements at 37 C of fluorescence due to sensitized emission (Fsen), relative to
fluorescence due to direct excitation of the acceptor (FA).

𝐹𝑠𝑒𝑛
𝐹𝐴

values determined over a

range of protein concentrations were fitted by Eq. 2.9, yielding 𝐾𝐷 = 4.89 nM (Fig. 3.4
black solid curve).

Figure 3.4. Comparison of equilibrium dimerization affinity measurements and
fitting. Samples of ten different concentrations with the same D/A ratio were incubated
and measured at 37 C. Here the protein concentration means the total subunit
concentration. Open circles represent experimentally determined
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Fsen
FA

values. Fitting with

Eq. 2.9 yields the black solid curve shown, with parameters, A = 11.4 and K D = 4.89 nM.
Dotted and dashed grey curves from top to bottom represent fitting results with K D values
5-fold smaller, 2-fold smaller, 2-fold larger and 5-fold lager, respectively.
To test the reliability of the fitting of the experimental data, we compared to the fit result
theoretical titration curves that assumed 2-fold or 5-fold larger or smaller 𝐾𝐷 values.
These are shown as grey dotted or dashed curves in Fig. 3.4. This comparison shows that
the determined 𝐾𝐷 value is reliable, since the range of alternative 𝐾𝐷 values considered
leads to a substantial deviation from the experimental measurements.
The temperature dependence of the dimerization affinity was observed from
measurements at five temperatures. The temperature of 27 C was chosen as the lowest
temperature that allowed reliable FRET titrations. Fig. 3.5A summarizes our
measurements of the dimer dissociation equilibrium constant, 𝐾𝐷 , which ranges from 0.4
nM at 27 C to 11 nM at 40 C, confirming our earlier affinity assessment at a single
temperature [161]. As shown in Fig. 3.5B, a plot of the natural logarithm of the
equilibrium constant versus the reciprocal temperature yields a straight line, which is
expected from the Van’t Hoff equation [165],
∆𝐻

ln𝐾𝐷 = − 𝑅𝑇 +

∆𝑆

(3.2)

𝑅

where ∆𝐻 and ∆𝑆 are the equilibrium enthalpy and entropy change of the reaction. Via
Eq. 3.2, we obtain an equilibrium enthalpy change of 47 kcal/mol and equilibrium
entropy change of 112 cal/mol/K.
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Figure 3.5 Temperature dependence of dimerization affinity for endo_N-BAR by
FRET. (A) 𝐾𝐷 values exhibit a change of greater than 20-fold between 27 C and 40 C.
All temperature points are averaged from at least three trials. (B) 𝑙𝑛𝐾𝐷 follows a linear
trend with respect to 1/𝑇 , which corresponds to the linear form of the Van’t Hoff
equation, Eq. 3.2. Intercept and slope of the linear plot yield dissociation equilibrium
enthalpy change of 47 kcal/mol and entropy change of 112 cal/mol/K. Error bars:
standard error of the mean.
The above measurements provided the temperature-dependent N-BAR dimer dissociation
rate constants and equilibrium dimer dissociation constants. Association rate constants,
𝑘𝑜𝑛 , were determined from the ratio of 𝑘𝑜𝑓𝑓 and KD, which is appropriate for a two-state
reaction mechanism. Table 3.1 lists experimental and predicted thermodynamic
parameters, 𝑘𝑜𝑓𝑓 , 𝐾𝐷 , and the calculated 𝑘𝑜𝑛 values at five different temperatures. An
Arrhenius plot of these data allows calculation of the association activation enthalpy (see
Fig. 3.6).
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The monomer association rate constant of endo_N-BAR is calculated from the ratio of
dissociation rate constant, 𝑘𝑜𝑓𝑓 , and dissociation constant, KD.

Figure 3.6 The natural logarithm of the association rate constant depends linearly
on the reciprocal temperature.

Temperature (C)

𝑘𝑜𝑓𝑓 (s−1 )

𝑘𝑜𝑛 i (M −1 s −1)

𝐾𝐷 (M)

𝛥𝐺(kcal/mol)

4ii

1.7×10-8

2.5×104

6.8×10-13

15.4

27

1.5×10-4

3.7×105

4.2×10-10

11.9

32

9.3×10-4

6.3×105

1.5×10-9

11.2
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35

2.7×10-3

8.6×105

3.1×10-9

10.8

37

5.3×10-3

1.1×106

5.1×10-9

10.5

i

𝑘𝑜𝑛 values at different temperatures are calculated from 𝐾𝐷 and 𝑘𝑜𝑓𝑓 . iiValues that are
displayed in italic font (at 4C) resulted from extrapolation of the linear trends found in
Fig. 3.3 and Fig. 3.5.
Table 3.1 List of experimental and predicted thermodynamic parameters.
As described above, the dimer dissociation requires an activation enthalpy of 66 kcal/mol
and results in an equilibrium enthalpy change of 47 kcal/mol. The activation entropy for
dissociation is 140 cal/mol/K, with an equilibrium entropy change of 112 cal/mol/K
(Table 3.2).

Enthalpy
(kcal/mol)

Entropy

Free energyiii

(cal/mol/K)

(kcal/mol)

Dissociation(activation)

66

140

24

Association (activation)

19

28

10.7

Dissociation (equilibrium)

47

112

13.4

iii

Gibbs free energy values were calculated based on the enthalpy and entropy values at 25
C.
Table 3.2 Summary of equilibrium enthalpies and entropies, as well as activation
values for association and dissociation, respectively.
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We note that, thus far, we have performed all of our measurements at the same total
protein concentration of 2 M. The choice of this single concentration is indeed justified,
because kinetic measurements for different concentrations show no significant changes in
protein dissociation kinetics over the concentration range of 0.1 M to 3 M (Fig. 3.7).
As we discuss below, this finding has important bearing on the dissociation/re-association
mechanism of the endo_N-BAR monomer exchange reaction.

Figure 3.7 Absence of concentration dependence for dimer dissociation rate
constants. All measurements were carried out as described above, at 37 C. Error bars:
standard error of the mean.
3.5 Dissociation kinetics of full-length endophilin
Kinetic FRET measurements were carried out to delineate the dimerization difference
between endophilin N-BAR and full-length protein. Distinct dissociation kinetics
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between endo_N-BAR and endo_FL were revealed. For endo_N-BAR, donor quenching
was observed to equilibrate within about 10 minutes at 37°C, Fig 3.8A-B). In sharp
contrast to the behavior of endo_N-BAR, no significant time dependence of the donor
signal was observed for endo_FL within 10 minutes (Fig. 3.8A). This comparison
suggests that the rate of homodimer dissociation for endo_FL is far slower than that of
endo_N-BAR and cannot be detected within 10 minutes.
We therefore used the protein denaturant urea to accelerate subunit exchange for
endo_FL. As Fig. 3.8C shows, this resulted in accelerated FRET efficiency changes that
were well fitted by a single exponential. As for endo_N-BAR, the investigation of the
dependence of protein dissociation (and association) kinetics on denaturant concentration
revealed a linear trend of log(𝑘𝑜𝑓𝑓 ) as a function of denaturant concentration (Fig. 3.8D).
Thus, the dissociation rate constant 𝑘𝑜𝑓𝑓 for endo_FL was obtained from linear
extrapolation to zero urea concentration as 2.4×10-5 s-1, which is over 200-fold slower
than that of endo_N-BAR, as determined above. We note that the observations of: a)
single-exponential kinetics of endo_FL FRET efficiency traces, and b) the linear
dependence of log( 𝑘𝑜𝑓𝑓 ) on denaturant concentration are in accordance with the
hypothesis of an effective two-state mechanism for the endo_FL monomer/dimer
equilibrium, as we argued for endo_N-BAR.
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Figure 3.8 Kinetic measurements to determine dimer dissociation rate constant. (A)
At 37 C, donor quenching was observed for endo_N-BAR but not for endo_FL in 10
minutes. (B) FRET efficiency of endo_N-BAR shown in (A) was calculated according to
equation Eq. 2.1 and time traces were well fitted by Eq. 2.2 (grey solid line), yielding
𝑘𝑜𝑓𝑓 = 7.88 × 10-3 s-1, Einf = 31%. (C) At 37 °C, FRET efficiency trace of a kinetic
measurement of endo_FL in buffer solution with 1.25M urea can be well fitted by Eq.
2.2, yielding 𝑘𝑜𝑓𝑓 = 1.54 × 10-3 s-1, Einf = 21%. (D) At 37 °C, Summary of kinetic
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measurements of endophilin full-length with three urea concentrations, 0.75 M, 1 M, 1.25
M, respectively. All data points are averages from three trials and the bars are standard
errors of the mean. log(𝑘𝑜𝑓𝑓 /s-1) shows a linear change with respect to urea concentration.
The dissociation rate constant, 𝑘𝑜𝑓𝑓 , at zero urea condition was obrained by linear
extrapolation to be (2.4 ± 0.21)×10-5 s-1, which is 244 fold slower than that of endo_NBAR.
3.6 Dissociation kinetics of endophilin mutants
We next aimed to evaluate possible mechanisms behind the differing dissociation rate
constants comparing endo_FL and endo_N-BAR. Structurally, the difference between
endo_FL and endo_N-BAR is the flexible linker and the SH3 domain. Therefore, intradimer interactions between the H0 helix and the SH3 domain, interactions between the
BAR domains and the SH3 domains, H0/H0 helix as well as SH3/SH3 domain
interactions, and interactions between linkers and SH3 domains all might contribute to
the far slower dissociation kinetics observed for endo_FL. The interaction between the
H0 helix and SH3 domain can be considered the most likely alternative interaction
resulting in the deceleration of endo-FL dissociation, since previous SAXS [75] and MD
simulation [72] studies have provided support for this interaction.
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Figure 3.9 Dissociation kinetics of endophilin mutants. (A) Domain structure of fulllength endophilin (endo_FL), as well as of three mutants: endo_dSH3, endo_dH0, and
endo_N-BAR. The black bar connecting SH3 and BAR domains is a flexible
unstructured linker sequence. (B) Comparison of dissociation rate constants among endo–
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FL and its mutants. The obtained dissociation rate constants reveal faster dimer
dissociation kinetics for the mutants compared to full-length endophilin A1. The
dissociation rate constant ratio is 1: 176 ± 12: 191 ± 6: 244 ± 44 from left to right. Error
bars: standard error of the mean.
To test the hypothesis that the difference in dissociation kinetics for endo_FL relative to
endo_N-BAR is caused by an H0-SH3 interaction, two additional fluorescently labeled
mutants (endo_dSH3 and endo_dH0) were designed. As shown in Figure 3.9A,
endo_dSH3 is a mutant consisting of the N-BAR domain and the flexible linker but is
missing the SH3 domain, and endo_dH0 is a mutant of endo_FL that is lack-ing the H0
helix. These two mutants were also subjected to kinetic analysis to determine their
dissociation rate constants. The average values and standard errors of the dissociation rate
constants obtained for endo_N-BAR, endo_dSH3, endo_dH0 and endo_FL are plotted in
Figure 3.9B. Mutants lacking either H0 helix or SH3 domain exhibit significantly faster
(176- and 191-fold) dissociation kinetics than endo_FL. These observations are
consistent with the notion that the co-presence of H0 helix and SH3 domain hinders the
dissociation of endo_FL, and inconsistent with a significant role of the linker, or any SH3
/ BAR domain interactions, in intra-dimer endophilin interactions that would slow dimer
dissociation.
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3.7 Discussions
3.7.1 Dimer dissociation mechanism
We have interpreted our measurements of endo_N-BAR dissociation kinetics in the
framework of a scheme that assumes dissociation of dimers followed by re-association of
two monomers to form a dimer. Two alternative mechanisms for monomer exchange in
endophilin dimers might be envisioned that would also display the single exponential
kinetics that we observed (Fig. 3.8B-C and Fig. 2.3) [62]. These are: a) dissociation of a
dimer into monomers, followed by attack of a monomer on a dimer resulting in a
displacement, and b) collision of two dimers followed by monomer exchange. It is clear,
however, that both of these alternative mechanisms would result in a concentration
dependence of the (in those cases apparent-) first-order rate constant for dissociation [62],
which we did not observe (see Fig. 3.7).
The dissociation-reassociation mechanism (that is consistent with our observations) for
endo_N-BAR monomer exchange implies that endo_N-BAR reversibly forms monomers.
This means that (at least under our in vitro conditions) endophilin monomers are
sufficiently stable to prevent irreversible unfolding of the monomer. This result might
imply a biological relevance of the monomeric form of endophilin as has been suggested
before [32]. However, the nano- to sub-nanomolar affinities determined here and
previously [161] of endo_N-BAR dimerization at physiological temperature tend to
disfavor a physiological role for monomeric endo_N-BAR, as we have argued before
[161].
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3.7.2 Support for two-state hypothesis
Our two-state hypothesis for the kinetics of endophilin dissociation is based on the
following three observations: a) denaturation experiments reveal a linear trend of
log( 𝑘𝑜𝑓𝑓 ) versus denaturant concentration [150, 163] (Fig. 3.2 and Fig. 3.8D), b)
exchange kinetics are well described by first-order reaction kinetics for the dissociation
reaction that follow a temperature dependence in line with the Eyring-Polanyi theory
[164, 165] (Fig. 3.3B, Fig. 3.8B-C and Fig. 2.3) and c) equilibrium titration FRET
measurements could be well fitted with a two-state model (Fig. 3.4, Eq. 2.9).
3.7.3 Thermodynamics of endophilin dimerization
The temperature dependence of the equilibrium titration FRET measurements revealed
that endo_N-BAR homodimer dissociation is associated with both positive reaction
enthalpy and entropy (Table 3.2). This indicates that despite the presence of a large
hydrophobic patch in the dimerization interface [24], the dimer is not predominantly
stabilized by hydrophobic interactions. Instead, it is likely that a combination of Van der
Waals

interactions,

hydrogen

bond

formations,

and

salt

bridge

formations,

overcompensates contributions from hydrophobic interactions to dimer stability [166].
Indeed, for the endo_N-BAR dimer, 16 interfacial H-bonds (HB) and 8 salt bridges (SB)
were identified using the PISA (Protein Interfaces, Surfaces and Assemblies) server
[167]. The disruption of intermolecular H-bonds during dimer dissociation would yield a
free energy change of 0.6 – 1.5 kcal/mol per bond, and salt bridges have similar free
energy contributions to the dissociation reaction [167]. Therefore, these interactions
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likely significantly contribute to endo_N-BAR dimer stabilization. We note that PISA
yields an overall solvation free energy change for the dissociation reaction of endo_NBAR of 43.9 kcal/mol [167]. The difference of this value to our measured value of 13.4
kcal/mol at 25 C (Table 3.2) is likely explained by the many simplifications [167]
implied in the PISA method of calculating thermodynamic aspects of protein
multimerization. PISA indicates a value of 𝑇 ∗ 𝛥𝑆𝑑𝑖𝑠𝑠 to be 13.8 kcal/mol, which is
smaller than our measured value of 33.6 kcal/mol at 25 C. The discrepancy is possibly
explained by the neglect of vibrational entropy changes arising from the formation of
new modes in the complex in place of degrees of freedom that get restricted by
association [167]. The experimentally measured thermodynamic parameters of endo_NBAR compare well to other homodimeric proteins that have somewhat similar interface
characteristics. For example, the buried interface area of the HIV-1 protease homodimer
(PDB: 1hxw) is 1718.7 Å2 (via PISA) per subunit and is predicted to contain 22 HBs and
7 SBs. The reported Gibbs free energy for HIV-1 protease homodimer dissociation (12
kcal/mol [168, 169]) and unfolding (14.4 kcal/mol [170]) are close to the value for
endo_N-BAR homodimer dissociation (Table 3.2). Another example is Arc repressor
(PDB: 1arr). The reported dissociation and unfolding Gibbs free energy is ~ 10 kcal/mol
[150, 168] for the Arc homodimer, which is somewhat comparable with endophilin NBAR, likely due to the related characteristics of the buried interface (an area of 1958.3 Å2
with 31 HB and 2SB that are predicted by PISA for the Arc repressor).
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We found an activation enthalpy for endo_N-BAR association of 19 kcal/mol (Table 3.2),
which was determined based on the assumption of a two-state dimerization reaction. This
value indicates that the endo_N-BAR association reaction is not a simple diffusioncontrolled reaction. The activation energy (which differs from activation enthalpy by
about 0.6 kcal/mol) for self-diffusion of water is 4.6 kcal/mol [171, 172]. For
oligomerizing proteins with charged amino acids, the diffusion limit for multimer
formation kinetics is significantly influenced by electrostatic interactions [69].
Association rate constants in the diffusion limited regime, where association kinetics is
dominated by the diffusion time required to form a transient complex, can be calculated
using the TransComp server [173]. For reaction kinetics that are controlled by the
formation of the transient complex (where short range native interactions can be
neglected), TransComp allows for the calculation of the diffusion limited association rate
constant, as well as an electrostatic interaction energy for protein association. Through
TransComp, the electrostatic interaction energy for endo_N-BAR association is
determined to amount to 2.384 kcal/mol. This result indicates that the electrostatic energy
contributes positively to the positive activation energy of endo_N-BAR association.
Interestingly, the electrostatic interactions between the two associating subunits therefore
disfavor subunit association and thus slow down the association process. The electrostatic
contribution, however, is less than a quarter of the activation Gibbs free energy required
for endo_N-BAR association (Table 3.2). As a consequence of the different activation
energies, the calculated association rate constant (2.24×102 M −1 s−1) using TransComp is
far smaller than the experimental values determined above. This discrepancy likely can
76

be ascribed to the assumptions implicit in the TransComp calculation, such as the rigid
body assumption [173]. Therefore, our findings suggest that endo_N-BAR monomers
undergo significant molecular rearrangements during dimer formation.
3.7.4 Intra-dimer cross-interactions auto-inhibit membrane binding
Our next aim was to test the hypothesis of a binding interaction between H0 helix and
SH3 domain. We eliminated interactions between endophilin BAR domain and the SH3
domain as a likely intra-dimer interaction since no obvious interaction was indicated by
RosettaDock [174, 175] (not shown here). The interactions between the SH3 domain and
the N-BAR domain or flexible linker can be deemed unlikely based on our experimental
findings (Fig. 3.9B), and additionally on the grounds that a publicly accessible “SH3
hunter” server [176], which identifies SH3 domain interaction sites in proteins, failed to
reveal a sequence matching the SH3 consensus. Mim et al. [6] proposed interactions
between H0 domains from different homodimers on the membrane, however, we have
previously excluded higher oligomer formation of endo_N-BAR in solution [161].
Vazquez et al. predicted formation of an H0-SH3 complex within the same monomer of
the endophilin dimer [72]. This model, however, cannot explain the substantially slowed
dissociation kinetics observed for full-length relative to N-BAR endophilin. The kinetic
comparison shown in Fig. 3.9B shows that mutants lacking either H0 helix or SH3
domain exhibit significantly faster (176- and 191-fold) dissociation kinetics than
endo_FL. This observation is consistent with the notion that the co-presence of H0 helix
and SH3 domain hinders the dissociation of endo_FL and lead us to propose a modified
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model where the SH3 domain cross-interacts with the H0 helix from a different subunit
within a single dimer in solution (Fig. 3.10). This model is consistent with a solutionphase small-angle x-ray scattering (SAXS) study, which suggested that each SH3 domain
is best fitted when assumed to be located near the distal end of the N-BAR dimer [75]. It
is conceivable that the H0/SH3 domain cross-interaction, as in the model proposed in Fig.
3.10, results in an increased barrier for endophilin homodimer dissociation and, hence,
slower dissociation kinetics. Furthermore, Fig. 3.9B shows that the kinetics of
endo_dSH3 and endo_dH0 mutants are close to that of endo_N-BAR, which is consistent
with our model since the retardation of dimer dissociation is released when either the H0
domain or the SH3 domain is absent in the mutant.
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Figure 3.10 SH3-H0 cross-interaction mechanism. Cartoon to illustrate the intra-dimer
inter-monomer SH3-H0 cross-interaction.
Consistent with our model, Vazquez et al. proposed that the H0-SH3 complex likely
implies that the H0 helix can be stabilized in solution through the H0/SH3 crossinteraction [72]. Due to the formation of this complex, a syngergistic auto-inhibition
mechanism can be expected: a) the H0 helix is inhibited from inserting into the
membrane in the absence of SH3 binding ligands; b) the SH3 domain will be inhibited
from interacting with other proteins such as dynamin’s prolin rich domain for nonmembrane bound endophilin [72]. Consistent with this expectation, addition of dynamin
leads to a significant increase of endophilin binding to model membranes [76]. This
experimental finding is consistent with the notion that the presence of SH3 binding
ligands can be essential for the release of H0-SH3 mediated auto-inhibition of endophilin.
We have confirmed this finding by comparing the membrane binding capacity of
endo_FL, endo_N-BAR, endo_dSH3 and endo_dH0 under identical experimental
conditions. In Figure 3.11, we observed no significant difference in membrane binding
capacity for endo_N-BAR and endo_dSH3. However, endo_FL showed significantly
lower membrane binding capacity compared endo_N-BAR (the fluorescence intensity of
endo_FL is ~ 35% of that of endo_N-BAR). This observation is consistent with a
hypothesized auto-inhibition for full-length endophilin. Figure 3.11 also shows that the
membrane binding capacity of endo_dH0 is substantially smaller than that of endo_FL.
The significantly weaker binding capacity in the absence of the H0 helix is consistent
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with literature findings since the H0 helix is known to insert into the membrane during
membrane association and to significantly contribute to the membrane binding capacity
of endophilin by mediating its oligomerization on the membrane [6, 161].

Figure 3.11 The protein fluorescence intensity of endo_FL, endo_N-BAR,
endo_dSH3, and endo_dH0, bound to GUV membranes. All endophilin constructs
were labeled with Alexa fluor 488. GUVs were prepared with the composition of 24.5%
DOPC, 35% DOPS, 30% DOPE, 10% DOPS and 0.5% Texas Red-DHPE. The protein
concentrations for different constructs were kept to be identical at 100 nM, and the lipid
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concentration was kept at 18.5 M for all trials. The numbers of GUVs used to obtain
these results was 26, 22, 18 and 17, respectively.
3.8 Summary and significance
In this chapter we have determined the temperature dependence of endophilin N-BAR
dimerization kinetics and thermodynamics. Over the temperature range considered, low
nanomolar to sub-nanomolar affinities were found, and positive dimer dissociation
enthalpy and entropy were interpreted as sub-dominance of hydrophobic contributions to
dimerization thermodynamics. Large dimer dissociation and association activation
enthalpies were interpreted as potentially indicating significant conformational
rearrangement during dissociation/re-association reactions. The absence of a protein
concentration dependence on dimer dissociation kinetics allowed us to rule out dimer
dissociation mechanisms alternative to a dissociation/re-association mechanism.
Furthermore, we have developed a kinetic method that allowed us to test intradimer/intermolecular interactions that illuminate a hypothesized auto-inhibition
mechanism. We found experimental evidence for an H0 / SH3 interaction within fulllength endophilin in solution, suggesting a model where the SH3 domain and the H0
helix from different subunits in a homodimer engage in a cross-interaction. The SH3 / H0
cross-interaction slows down the kinetics of dimer dissociation and is thus expected to
enhance the dimerization affinity of full-length endophilin homodimers relative to the
BAR domain. In summary, this contribution, through kinetic and equilibrium FRET
studies, illustrates the physicochemical basis for the high binding affinity of the
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endophilin N-BAR domain and illuminates the role of the SH3 domain in full-length
endophilin’s auto-inhibition mechanism in solution.
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Chapter 4 The N-terminal Amphipathic Helix of Endophilin does not
Contribute to its Molecular Curvature Generation Capacityc
In Chapter 3, the dimerization and autoinhibition properties of endophilin have been
discussed. Starting from this chapter, I will discuss the contributions of different
mechanisms to the membrane curvature remodeling induced by BAR proteins.
N-BAR proteins contain an N-terminal helix (also named H0) that amphipathically
inserts into the membrane and a BAR domain that can homo-dimerize to form a
‘crescent-shaped’ structure, which acts as a scaffold to enable membrane curvature
remodeling [24]. Controversies regarding the role of H0 helix amphipathic insertion to
the membrane curvature generation and membrane curvature sensing have existed for
years. In this chapter, I aim to clarify the role of the H0 helix in both curvature generation
and sensing of endophilin, a representative N-BAR protein.
4.1 Mutagenesis on amphipathic insertion helix
To distinguish the role of H0 amphipathic insertion and BAR domain scaffolding, we
designed endophilin N-BAR variants with varied H0 properties (hydrophobicity, length)
to specifically study the contribution from H0 insertion.

c

Parts of this chapter are adapted from: J. Am. Chem. Soc. 2016, DOI:
10.1021/jacs.6b06820. Zhiming Chen, Chen Zhu, Curtis J. Kuo, Jaclyn Robustelli and
Tobias Baumgart. The N-terminal amphipathic helix of Endophilin does not contribute to
its molecular curvature generation capacity. Copyright © 2016 American Chemical
Society.
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Figure 4.1 Mutagenesis on amphipathic insertion helix. (A) Domain structure of
endophilin N-BAR (WT) and H0 variants (single site mutagenesis: F10A, F10W; H0
truncation mutagenesis: D1-X indicates deletion of H0 residues from #1-#X), as well as
H1i variant S75D. (B) Residue hydrophobicity (from water to membrane surface) [177]
of the H0 sequence and the predicted helix (red bar) by JPred 4[178] and GOR V [179].
Green and purple edged bars at #10 represent residues A and W respectively. (C) Helical
wheel projection of the H0 helix, where green-labeled residues indicate a hydrophobic
surface. (D) Circular dichroism spectra of endophilin N-BAR and its variants. All
variants show helicity equivalent to WT protein. Samples were tested in protein buffer.
As shown in Figure 4.1A, the endophilin N-BAR domain was modified either by singlesite mutagenesis or truncation. Residue F10 is the most hydrophobic residue (Fig. 4.1BC) within the H0 wild-type (WT) domain and was reported to insert into the membrane
[24]. We thus mutated this residue to either one with greater hydrophobicity (F10W) to
enhance H0 insertion or with a small residue (F10A) to reduce H0 insertion. In addition
to single site mutagenesis, we also progressively truncated the H0 helix to investigate the
effect of H0 length. Circular dichroism proved that the mutations did not affect the
helicity of the protein (Fig. 4.1D) for any of the variants.
4.2 Membrane binding of endophilin N-BAR variants depends on molecular details
of its amphipathic helices
To delineate the role of the H0 helix in endophilin function, we first compared the
membrane binding capacity of the endophilin variants. Our results show that the F10W
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mutant binds to the membrane stronger than the WT protein under the same bulk
concentration, while the F10A mutant binds significantly weaker (Fig. 4.2A). This
observation is expected due to the different side chain hydrophobicities. The binding
capacity of the truncation variants under the same bulk concentration decreased with
decreasing length of the H0 helix (Fig. 4.2A, equilibrium density: WT > D1-6 > D1-10 >
D1-14 > D1-18 > D1-24). These observations indicate that the H0 helix plays a key role
in the binding of endophilin N-BAR to the membrane [35].

Figure 4.2 Amphipathic helices dominate the membrane binding of endophilin NBAR. (A) The equilibrium protein (for 1 μM bulk concentrations) binding density on
GUVs: 24.5% DOPC / 30% DOPE / 45% DOPS / 0.5% TexasRed - DHPE. At least five
GUVs were measured and error bars are standard error of the mean. (B) Logarithmic plot
of equilibrium density vs. length of H0. Filled diamonds are data points of WT and
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truncation variants; open triangle, open square, and open circle refer to F10W, F10A, and
S75D, respectively. Line is a guide to the eye.
The linear relationship (Fig. 4.2B) between logarithmic densities and helix length is
consistent with a roughly linear dependence of the free energy of binding on helix length.
However, the membrane binding density of the H0 total deletion variant (D1-24) showed
no significant difference from that of the D1-18 variant, which likely implies that the
residues 19-24 do not significantly contribute to membrane binding. The absence of a
discernible contribution to membrane binding from residues 19-24 suggests that this
region does not significantly interact with the membrane, consistent with the predicted
absence of helical structure in this region (Fig. 4.1B). Furthermore, the basal degree of
membrane binding of the D1-24 truncate implies that H0 interaction with the membrane
is the dominant, but not the only contributor, to endophilin N-BAR’s membrane binding.
Other mechanisms such as 1) H1 insert helix (H1i, residues: 59-87) membrane binding
and 2) electrostatic interactions between the positively charged concave dimer surface
and the negatively charged membrane, could contribute to attract the protein to the
membrane. Indeed, the S75D (within H1i) mutant showed reduced membrane binding
(Fig. 4.2A), as expected [180].
4.3 Intrinsic curvature generation capacity of endophilin N-BAR does not depend
on amphipathic helices, whereas overall capacity depends on membrane binding
We next compared the intrinsic membrane curvature generation capacities of the variants
to WT protein. A giant unilamellar vesicle (GUV) shape stability assay [153, 154] served
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to quantify the protein density required to induce membrane curvature changes on
membrane tension-controlled GUVs. In this assay, a GUV was aspirated from a GUV
dispersion, set under a specific membrane tension (Fig. 4.3A, see Eq. 2.10 for calculation
of tension, σ), and then transferred to a protein solution, followed by confocal imaging to
monitor the protein density on the GUV as well as GUV geometry changes (Fig. 4.3B).
Fig. 4.3B shows that when N-BAR domain binding reached a threshold density level, the
projection length inside the glass pipette began to decrease and tubules formed towards
the GUV exterior (Fig. 4.3B, red arrow, note that individual tubules are not resolved but
result in fluorescent blur near the vesicle [153, 154]). The point where the apparent area,
Area(t )  4 Rv (t )  2 RP LP (t ) , of the GUV starts to decrease (red arrow indicates the
2

transition point in Fig. 4.3C) corresponds to a membrane-curvature-instability-transition
protein density (Fig. 4.3C), which combined with the selected membrane tension is an
indicator of the intrinsic membrane curvature generation capacity of the protein (see
Chapter 2 for details) [154]. Note that transition densities of the three shortest variants
could not be determined because their low binding capacity required bulk solution
concentrations high enough to cause background fluorescence intensities that interfered
with the measurement of fluorescence levels at the membrane.
In sharp contrast to the significant contribution of the H0 helix to membrane binding, the
endophilin variants with either enhanced or inhibited membrane binding capacity showed
no significant difference in the transition density at the same membrane tension (Fig.
4.3D), suggesting that all variants use the same mechanism to bend membranes.
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Figure 4.3 Intrinsic curvature generation capacity of endophilin N-BAR does not
depend on amphipathic helices. (A) The geometry of glass-pipette aspirated GUV and
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the process of transferring a GUV from a GUV dispersion to protein solution. Rv : GUV
radius; RP : micropipette radius; LP : projection length; ∆P: pressure difference). (B)
Time-lapsed confocal image of a transferred GUV in an N-BAR domain solution. Arrows
indicate tubules formed towards the outside of the GUV. The zoom in shows the formed
tethers. Scale bar = 10 μm. (C) Plot of protein density on GUV and the apparent area of
the GUV (see Chapter 2 for the calculation). Red dashed line indicates that the apparent
area was stable (red dashed line) before the transition point (red arrow) when the area
started to decrease. (D) Comparison of transition densities of the variants at similar
membrane tension of 0.040 ± 0.005 mN/m. At least five GUVs were counted for each
protein and error bars are standard error of the mean. GUVs: 24.5% DOPC / 30% DOPE /
45% DOPS / 0.5% TexasRed - DHPE. Error bars are standard errors of the mean. Line is
a guide to the eye.
We observed through classical negative stain transmission electron microscopy (TEM)
imaging based tubulation assays that variants with inhibited membrane binding are less
efficient in liposome tubulation, the most common readout for membrane curvature
generation (Fig. 4.4). This apparent discrepancy is easily explained by distinguishing
between the intrinsic molecular capacity of a membrane bound protein to generate
curvature (assessed in Fig. 4.3D), and the efficiency with which a bulk solution can
tubulate vesicles (assessed via classical TEM based tubulation assays). Only the latter is
affected by the binding capacity of the protein of interest. This conclusion is confirmed
by the observation that the logarithmic tubulation efficiency follows an essentially linear
90

relationship with the logarithm of equilibrium density on the membrane (Fig. 4.4C),
implying that the overall tubulation efficiency of an endophilin N-BAR solution is
linearly correlated with the membrane binding capacity of the protein.
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Figure 4.4 Overall tubulation capacity depends on membrane binding. For all
variants, 0.1 mg/ml LUVs were incubated with 10 μM protein for 30 min in protein
buffer. (A) Representative TEM images of each variant. Scale bar = 400 nm. (B)
Quantitative tubulation percentage of LUVs. Tubule % = # of tubules/(# of tubules + # of
contact LUVs). The error bars are the standard error of the mean. (C) Logarithmic plot of
tubulation efficiency vs. logarithmic plot of equilibrium density. Filled diamonds are data
points of WT and truncation variants; open triangle and open square refer to F10W and
F10A, respectively. Error bars are standard error of the mean.
Taken together, our findings so far are consistent with the notion that the hydrophobic
insertion of the H0 helix is not responsible for membrane bending through N-BAR
domains. To exclude the possibility that H1i, rather than H0, engages in amphipathic
wedging through endophilin [181], we examined the H1i mutant S75D. This mutation has
previously been shown to reduce the membrane insertion of the H1i helix [180]. As
shown in Fig. 4.3D, this effect does not affect endophilin’s curvature generation capacity.
Our current and previous [154] findings of endophilin function are consistent with a
recent characterization of endophilin membrane association, H0 insertion, and membrane
deformation [182]. However, our current analysis implies that the process of endophilin
H0 membrane insertion, which was observed to coincide with membrane deformation
[182], is a consequence, rather than a cause, of membrane deformation through
endophilin. This implication is supported by a previous simulation report showing that
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H0 folding and insertion is much less energetically favorable in flat membranes, but that
it is facilitated in curved membranes with packing defects [125].
4.4 Both WT endophilin N-BAR and D1-32 mutant are sorted by membrane
curvature
To understand the role of the H0 helix in sensing membrane curvature, we compared the
membrane curvature sorting of endophilin WT and its H0 deletion mutant with a GUVpulled tether system (Fig. 4.5A and see Chapter 2 for detail) [34].
In contrast to the known non-linear sorting of endophilin WT N-BAR domains [34], we
observed (Fig. 4.5B) that the H0 deletion variant followed linear sorting with membrane
curvature (higher membrane tension corresponds to higher membrane curvature on the
pulled tether), indicating that the BAR domain without H0 insertion is capable of sensing
membrane curvature. This observations is consistent with previous reports showing that
F-BAR [183] and I-BAR [184] domains lacking in terminal amphipathic helices also sort
on membrane tubules.
In the range of relative low membrane tension (1/Rt < 0.03), the curvature sorting of the
H0 deletion variant is comparable to WT protein (Fig. 4.5B). However, when membrane
curvature goes higher (1/Rt > 0.03), the curvature sorting of the H0 deletion variant was
observed to be significantly weaker than WT protein (Fig. 4.5B). This observation can be
rationalized by the fact that 1) higher membrane curvature creates more bilayer defects
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and 2) amphipathic motifs (such as H0 helix) sense such curvature-dependent membrane
bilayer defects [33, 128-130].
Taken together, these results imply that curvature sorting of the N-BAR domain is driven
by both the H0 helix (which may contribute to non-linear sorting of endophilin [34]) and
by the BAR domain.
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Figure 4.5 Both WT endophilin N-BAR and D1-32 mutant are sorted by membrane
curvature. This figure was obtained by Chen Zhu. (A) Confocal images of pulled tetherGUV system with the presence of WT endophilin N-BAR and D1-32 mutant. (B)
Relative fluorescence intensities (protein versus lipid) are compared on highly curved
tether (Ir) and vesicle (Ir0), tether curvature (1/Rt: Rt is the radius of tube) increases with
rising membrane tension. Experiments were done at the same protein membrane
densities, while the bulk protein concentration for WT is 40 nM and for D1-32 is 154 nM.
Grey and black error bars are standard deviation and standard error of the mean,
respectively. GUVs: 64% DOPC, 25% DOPG, 10% PI(4,5)P2, 0.3% TexasRed DHPE
and 0.7% DSPE-Bio-PEG2000. Membrane bending stiffness used in tube radius
calculation is 23KBT [154].
4.5 Discussion
4.5.1 The role of H0 densities on the membrane
Our observation that H0 amphipathic insertion / wedging does not contribute to curvature
generation is not consistent with earlier suggestions that the H0 of the N-BAR domain
might be solely responsible for generating membrane curvature [102]. This discrepancy
can be resolved by considering the fractional coverage of H0 helices on membranes. MD
simulations from Blood et al. indicated that the H0 helix of the N-BAR domain cannot
bend the membrane at an H0 density of 150 lipids/embedded helix (corresponding to
~5.7% protein coverage assuming helix cross sectional area = 6 nm2 and area per lipid =
0.7 nm2), and that membranes can only be bent at 30 lipids/embedded helix, an
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unrealistically high density which is equivalent to ~28.5% protein coverage on the
membrane [101]. Consistent with these results, MD simulations from Arkhipov et al. also
showed that 12.5-18.8% coverage fraction of the amphiphysin H0 cannot induce
membrane curvature. These authors further noted that high H0 density (~30%) would
compromise the ability of N-BAR domains to bend the membrane because the
scaffolding effect of the BAR domains would be inhibited [100]. The membranecurvature-instability-transition protein densities shown in Figure 4.3D are around
~2000/μm2, corresponding to < 2% H0 coverage, i.e. a range where MD simulations
predict absence of curvature generation through H0 alone.
Furthermore, the endophilin density of ~ 2000/μm2 corresponds to an overall protein
coverage of ~ 6.7%, which is smaller than the coverage fractions cited by Stachowiak et
al., where 20 – 30% coverage was shown to be required to bend membranes through
crowding at negligible tension (i.e. no pipette aspiration) [138]. Our previous membrane
tension-controlled studies also demonstrated that at this relatively low protein coverage
(~ 6.7%), the crowding effect is negligible for the membrane curvature generation of
endophilin (Chen et al. 2016, Biophysical Journal, in print).
4.5.2 The role of membrane binding capacity
The previous reports arguing that H0 amphipathic insertion drives membrane curvature
could be due to the missing distinction between the role of the H0 helix in associating NBAR proteins to the membrane versus its capacity to generate membrane curvature.
Previous contributions hypothesized that H0 insertion is essential for membrane
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curvature generation based on the observation that N-BAR variants with compromised
H0 insertion showed lower liposome tubulation efficiencies [24, 123]. Our findings
explain this observation through the reduced membrane binding capacity of H0 truncated
mutants. Consistent with this notion, Peter et al.’s liposome tubulation assay to assess the
tubulating activity of wild-type N-BAR potentially explains the discrepancy between the
controversial observations: buds on liposomes, tubules, and small vesicles were
increasingly observed with higher protein concentrations [37]. This notion is further
supported by Blood et al.’s MD simulation studies, where H0 insertion played a key role
to ensure close association of the charged concave surface of N-BAR domain to
membrane and thus drive membrane curvature. Without amphipathic helix insertion, NBAR domain’s membrane binding was compromised and failed to drive membrane
curvature [5, 101]. Taken together, this implies that only studies that determine the
density of proteins on the membrane can assess the intrinsic, molecular curvature
generation capacity of a membrane binding protein.
4.5.3 The role of lattice formation
The H0 helix was reported to mediate the formation of stable endophilin N-BAR lattices
on the membrane [6, 40], which was hypothesized to be important for its membrane
curvature generation [6]. However, we observed that the D1-10 mutant, which was
reported to show higher degree of lattice disorder compared with WT protein [6], retained
membrane curvature induction capacity (Fig. 4.3D). This observation is consistent with a
report for the N-BAR protein BIN1 showing that low long-range order N-BAR coat was
97

capable of inducing flexible membrane tubules [185]. Taken together, these observations
are consistent with the notion that formation of stable lattices is not essential for the
curvature generation of N-BAR proteins.
4.5.4 The implication of curvature sorting in Clathrin-mediated endocytosis
The diameter of a clathrin-coated vesicle ranges from 70 nm to 150 nm [95], which
corresponds to the region 1/Rt < 0.03 nm-1 in Fig. 5B. In this region, we find that both
endophilin WT and D1-32 show vanishingly small sensitivity to membrane curvature
changes. On the other hand, the neck area (diameter: 25 nm - 30 nm [186]) of the
clathrin-coated pit is more highly curved and corresponds to the region 1/Rt > 0.06 nm-1,
where the WT shows strong membrane curvature sorting while the H0 deletion mutant’s
membrane curvature sorting is much weaker compared to WT. This observation firstly
explains why endophilin is recruited to the neck area of the clathrin-coated pit. Secondly,
although the H0 deletion variant is still capable of sensing membrane curvature, its
capacity is relatively weak and potentially compromises the specific recruitment of
endophilin to the neck area, implying that the H0 helix is essential for endophilin’s
physiological function in clathrin-mediated endocytosis.
4.6 Summary and significance
In summary, we have quantitatively studied the membrane binding, curvature generation,
and curvature sorting of endophilin N-BAR and its variants with modified H0
amphipathic insertion abilities. We revealed that, for N-BAR domains, the H0 helix plays
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a key role in membrane binding, but does not influence the protein density required to
initiate a membrane curvature transition. Our observations demonstrate that the H0
amphipathic insertion/wedging mechanism of the N-BAR domain of endophilin does not
directly induce membrane curvature; instead, other mechanisms, such as scaffolding,
appear to be more important for membrane curvature generation. The future quantitative
studies of the contribution from scaffolding are discussed in Chapter 9: Future Outlooks.
Furthermore, we revealed that the H0 truncated variant was capable of sensing membrane
curvature, indicating that sensing as well does not critically depend on H0. Overall, this
contribution shed light on the controversial state of the biophysical mechanism of
endophilin function.
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Chapter 5 Membrane Shape Instability Induced by Protein
Crowdingd
In previous chapters, membrane curvature sensing and generation through scaffolding,
amphipathic helix insertion, and protein oligomerization of endocytic BAR domaincontaining proteins have been discussed [4-9]. In addition to these mechanisms, the
crowding effect has recently gained appreciation as an additional mechanism for
generating membrane curvature. Since cell membranes are crowded with membrane
proteins [137], this effect could exert repulsive steric forces that could be released
through membrane deformation.
Previously Stachowiak et al. reported that structured, as well as intrinsically disordered
proteins attached to liposomes via His6x-tag binding to Ni-NTA lipids were capable of
inducing membrane curvature [10, 139]. Therefore, the crowding effect has been
proposed to contribute to protein-induced membrane deformation, although the relative
importance of this contribution remains unclear [140].
Calculations and qualitative experiments have suggested crowding effects to be weaker
compared to the amphipathic insertion mechanism in membrane deformation [141].
However, it is unclear to what extent crowding effects contribute to the curvature

d

Parts of this chapter are adapted from: Zhiming Chen, Ehsan Atefi, and Tobias
Baumgart. Membrane shape instability induced by protein crowding, Biophysical Journal
(2016), DOI: http://dx.doi.org/10.1016/j.bpj.2016.09.039. Copyright © 2016 Biophysical
Society.
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generation through BAR domain proteins. In this study, our goal was to compare the
ability of the crowding effect to generate membrane curvature to the function of
endocytic accessory proteins which exploit the mechanisms of amphipathic insertion and
scaffolding.

Figure 5.1 HisEGFP protein binding on GUV.

(A) hisEGFP does not bind to

45%DOPS / 30%DOPE / 24.5%DOPC / 0.5%TR-DHPE GUVs. (B) hisEGFP binds to
GUVs containing DOGS-Ni-NTA. GUVs: 79.8%DOPC / 20%DOGS-Ni-NTA /
0.2%TR-DHPE. Scale bars: 10 m.
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Here, we generated a crowded protein environment on the membrane surface by using a
model protein, hisEGFP (monomeric eGFP expressed with a His6X tag, see Chapter 2),
which has no direct interaction with negatively charged membranes (Fig. 5.1A) but binds
to Ni-NTA-containing membranes via His6X-Ni-NTA affinity (Fig. 5.1B) [10]. Using
this model protein eliminates the effects of protein amphipathic helix insertion,
scaffolding, and oligomerization, making it possible to focus on the effects of proteinprotein crowding alone.
5.1 Crowded eGFP on liposome surface is capable of inducing membrane tubules
We confirmed curvature generation through crowding by means of a liposome tubulation
assay. We prepared liposomes with 20 mol% Ni-NTA lipid to achieve high protein
coverage on the liposome surface.

Figure 5.2 Liposome tubulation assay. (A) Liposome control (80 mol% DOPC / 20
mol%DOGS-Ni-NTA, extruded through 400 nm membrane, see Chapter 2 for detail). (B)
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20 μM hisEGFP co-incubated with 0.1 mg/ml liposomes for 30 min. Tube diameter is
28.0 ± 1.1 nm. Scale bar = 1 μm.
Using transmission electron microscopy (TEM) imaging, we observed that crowded
hisEGFP proteins are capable of inducing long (several µm) and uniformly-sized tubules
(diameter ~ 28nm) from liposomes (Fig. 5.2). Unlike some well-studied N-BAR proteins,
which can generate small vesicles along with tubules, hisEGFP only generate tubules.
5.2 Quantify membrane curvature generation capacity of crowding effect by GUV
shape stability assay
We next used a giant unilamellar vesicle (GUV) shape stability assay (see details in
Chapter 2) to determine the protein density required to induce membrane shape
instabilities in a tension-controlled membrane [153, 154]. In this assay, a GUV was
aspirated from GUV dispersion, protected from dehydration with a glass capillary, and
then transferred to a protein solution (Fig. 5.3A). After transfer, the cap was removed to
expose the GUV to the protein solution. Confocal imaging was used to monitor protein
binding as well as GUV geometry changes. The cartoon in Figure 5.3B shows the
geometry of an aspirated GUV and its geometry change after protein binding.
In the time-lapsed confocal images shown in Figure 5.3C, we observed that when
hisEGFP protein density reached a transition point, the projection length (LP) started to
decrease and tubules, indicated by red arrows, formed out from the GUV. Here, tubules
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are not clearly resolved because they were dynamic and the image acquisition speed was
slow compared to tubule motion.
An apparent area was defined to monitor GUV shape changes (see Chapter 2). Figure
5.3C tracks both the change in GUV apparent area and the change in protein density over
time. These values are plotted together in Figure 5.3D. We observed that the GUV
apparent area was stable at the beginning of the transfer into the protein solution but
started to decrease when protein density reached a transition point (indicated by the red
arrow in Figure 5.3D). The decrease in the apparent area is the result of tubule formation,
and the starting point of area decrease is defined as the membrane curvature initiation
point. The transition protein density indicates the protein density required to induce
membrane curvature changes on the GUV with controlled membrane tension. We note
that the GUV volume remained essentially constant during this process (Fig. 5.3E),
which is a requirement to be able to interpret this experiment.
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Figure 5.3 GUV shape stability assay. (A) Cartoon showing the process of GUV
transfer (see details in Chapter 2). (B) Cartoon showing the geometry of a glass pipetteaspirated GUV and the associated GUV shape change (tubule formation) induced by
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protein binding. Scale bar = 10 μm. (C) Time-lapsed confocal images of a transferred
GUV (79.8 mol% POPC / 20 mol% DOGS-Ni-NTA / 0.2 mol% TR-DHPE, σ = 0.13
mN/m, transition density = 37821/μm2). Red arrows point to tubules. (D-E) The traces of
protein density (D), apparent area (D) and volume (E) versus time for this aspirated
GUV.
5.3 Higher protein coverage is required to induce membrane curvature changes via
the crowding effect than via the BAR proteins
To convert measured transition protein density to coverage on membrane surface, we
collected equilibrium binding isotherms to determine the maximum protein coverage on
the GUV membrane. The data points shown in Figure 5.4A-B were fitted with the
Langmuir adsorption equation: Y=Bmax*X/(Kd+X). The fit results in the maximum
equilibrium binding densities (Bmax) of 73035/μm2 for hisEGFP and 29681/μm2 for
endophilin N-BAR. These values are comparable to the calculated close packing densities
based on the crystal structure cross-sectional areas: 12 nm2 per eGFP corresponds to a
close packing density of 83333 μm-2 and 33 nm2 per endophilin N-BAR dimer
corresponds to a close packing density of 30000 μm-2. The protein coverage was thus
obtained as the ratio of transition protein density and the maximum equilibrium binding
density.
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Figure 5.4 Much higher protein coverage is required for eGFP than endophilin NBAR protein to induce membrane curvature. GUV binding isotherm of hisEGFP (A)
and endophilin N-BAR. (B). GUVs: (A) 79.8%DOPC / 20%DOGS-Ni-NTA / 0.2%TRDHPE; (B) 45%DOPS / 30%DOPE / 24.5%DOPC / 0.5%TR-DHPE. Buffer conditions
are the same as those used in the GUV shape stability assay. (C) GUV shape instability
transition data points: endophilin N-BAR (blue triangles) and hisEGFP (filled and open
circles). The crowding effect-induced membrane curvature instability transiton data
points (black circles only) were fit with an instability theory considering the hard-disk
repulsion (red line). Coverage was converted from protein density by considering the
maximum equilibrium binding density obtained from fitting with the Langmuir binding
isotherm shown in (A-B). Open circles were excluded from fitting, hypothesizing that
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their deviation from the fit line results from interactions at high protein densities not
captured by the hard disk model used for fitting.
The transition data points were next combined in a shape stability diagram that correlates
membrane tension and protein coverage on the GUV (Fig. 5.4C). We observed that the
transition protein coverage is positively correlated with membrane tension, which
suggests that membrane curvature-generation induced by crowding effect is co-regulated
by membrane tension and protein coverage.
The comparison of the shape stability diagram of hisEGFP to that of the N-BAR protein
domain of endophilin (Fig. 5.4C) indicates that higher protein coverage is necessary to
induce membrane curvature changes via the crowding effect as compared to curvature
transitions induced by BAR proteins. The comparison also indicates that the crowding
effect is a weaker factor in membrane curvature generation compared to scaffolding
effects and hydrophobic insertion, which are mechanisms exploited by BAR domain
proteins [4].
5.4 Crowding effect-induced membrane instability theory
This theory was derived by Ehsan Atefi.
The total free energy of a system (tether) connected to a reservoir (vesicle) is as described
in ref [187]:
 2
Ftot  [ ( )2   ] A  Fp  Pres A  res N .
2 R
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In the above equation and in the below equations, ‘sys’ represents the corresponding
properties of the system, and ‘res’ represents the corresponding properties of the
reservoir. Furthermore,  is membrane tension,  is the bending stiffness of the lipid
bilayer,  is the height of the protein layer, R and A are the radius and area of lipid
membrane, 𝑁 is the number of proteins,  is protein coverage, f p is the protein free energy
density, Fp is the protein free energy,  is the chemical potential, K is Boltzmann
constant, T is temperature, and P is the pressure.
Proteins are assumed to be two-dimensional hard disks without protein-protein attraction,
and the crowding steric pressure is estimated with a scaled-particle theory (SPT) equation
of state for hard spheres [138, 188].
For the derivation of the instability criterion used to fit the data we require:
(a) The membrane area accessible to proteins:
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The free energy is minimized with respect to three parameters:
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We obtain the instability criterion (Equation. 5.7) that correlates the membrane tension
with protein coverage, using Equations 5.1-5.3:
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1- From Equation 5.3:
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Equation 5.7 is used for fitting in Figure 5.4C (red line). The crowding instability
transition data points can be fitted with this membrane curvature instability criterion that
correlates membrane tension with protein coverage. In the fitting, parameter a =

KT 
 2

is fitted to be 0.107 ± 0.008 (mN/m)0.5. If we assume = 13.69 nm2 based on the
estimation from Bmax obtained from Langmuir binding fitting and to be ~ 20 [7], then
is the only parameter to be fitted and it is ~ 4.5 nm, which is comparable to the size of
the crystal structure of eGFP.
5.5 Summary and significance
In summary, we quantitatively investigated the ability of the crowding effect in
generating membrane curvature by determining protein density at the membrane
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curvature transition point. We found that membrane curvature-generation induced by the
crowding effect is co-regulated by protein coverage and membrane tension. We further
revealed that while the crowding effect generates curvature at high density, this effect is
weaker compared to the membrane curvature generation capacity of BAR proteins. This
study improves our understanding of the contribution of the crowding effect in membrane
curvature induction. Furthermore, it provides guidance for the use of crowded protein
environments on the membrane such as that resulting from overexpression of high
membrane-binding-affinity proteins in living cells.
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Chapter 6 Regulation of Membrane Shape Transitions Induced by IBAR Domainse
In previous chapters, the coupling between positive membrane curvature and N-BAR/FBAR proteins has been discussed. Plasma membrane curvature changes, involving both
protrusions and invaginations, are accompanied by plasma membrane surface area
changes. Maintaining an appropriate cell surface area is a task required for the continuous
function of a cell. Therefore, both the positive curvatures induced by BAR, F-BAR and
ENTH domains, and the negative curvatures induced by IMDs are likely to be essential in
regulating the total surface area of the plasma membrane [8, 21].
In this chapter, we employed a membrane shape stability assay based on giant unilamellar
vesicles (GUVs), which uses a decrease in GUV membrane area as an indicator for
membrane shape transitions [154]. Our goal is to 1) quantitatively describe the ability of
IMD domains to induce membrane curvature by determining the protein number density
required for initiating membrane tubulation on GUVs, and 2) elucidate the membrane
curvature regulation mechanism by IMD domains.
We first correlate this transition density of the protein with the membrane tension of
GUVs, and investigate lipid composition and ionic strength effects on transition densities.
e

Parts of this chapter are adapted from: Biophysical Journal. 2015 Jul 21; 109(2): 298–
307. Zhiming Chen, Zheng Shi, and Tobias Baumgart. Regulation of membrane shape
transitions induced by I-BAR domains. DOI: http://dx.doi.org/10.1016/j.bpj.2015.06.010.
Copyright © 2015 by the Biophysical Society.
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From our measurements, we obtain a membrane stability diagram, which separates stable
and unstable regions, depending on membrane tension and protein density. The stability
diagram can be well fitted with a theoretical model [189, 190]. We further compared the
membrane curvature induction abilities of different IMD domains and confirmed a
significant effect of N-terminal membrane insertion on membrane shape stability. This
chapter provides quantitative insights into the biophysics of membrane protrusion
processes and improves the understanding of how the formation of plasma membrane
protrusions might be regulated.
6.1 IMD domains induce membrane invaginations on GUVs
Fig. 6.1A-B provides the cartoon illustrating how a GUV was transferred from a GUV
dispersion to a I-BAR protein solution and gave an example of time-lapsed confocal
images of a transferred GUV under a membrane tension of 0.076 ± 0.004 mN/m.
For this GUV, as the protein density on the GUV increased, the projection length (Lp)
began to decrease at a well-defined transition point and finally disappeared completely.
Concomittant with the onset of projection length decrease, internal fluorescence built up
(indicated by the white arrows). We consider this internal fluorescence to result from
tubules induced by IMD proteins.This interpretation is in agreement with previous
observations showing that this I-BAR protein can induce inward tubulation on liposomes
[58]. The tubules cannot be clearly identified through confocal microscopy because of
their dynamic nature compared to the confocal laser scanning image acquisition speed,
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and the fact that the diameter of the tubules (around 80 nm) induced by IMDs is smaller
than the microscope resolution limit [58].

Figure 6.1 MIM/IMD induces shape transition of GUV membrane. (A) Cartoon
showing the sequence of GUV transfer steps, where red is the GUV dispersion, and green
is the protein containing solution. (B) Time lapse confocal images of a transferred GUV
(Upper: lipid channel; lower: protein channel). Membrane tension = 0.076 mN/m. Scale
bar = 10 μm. As protein density reached a critical point on the GUV, inward tubulation
(indicated by arrows) was initiated, associated with a decreasing projection length.
Buffer: 7 mM HEPES, 50 mM NaCl, pH = 7.4. GUV composition: 45% DOPS + 30%
DOPE + 24.5% DOPC + 0.5% Texas Red-DHPE.
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Though the onset of tubule formation induced by IMD cannot be directly visualized, the
GUV surface area is a realiable indicator for the onset of the tubulation process [154]. To
trace the GUV surface area changes, GUV radius ( Rv ) and projection length ( L p ) were
monitored during the protein membrane binding process, and the GUV surface area was
obtained from these quantities (see Chapter 2).
To prove that the observed membrane shape instability is induced by IMD domain
binding to membranes, we carried out two control experiments. In the first control, GUVs
consisting of pure DOPC membranes were transferred into IMD protein solutions. For
this lipid composition, no protein binding and therefore no shape transition were
observed (Fig. 6.2).
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Figure 6.2 Non-charged GUV as a control. GUV composition: 99.5% DOPC+ 0.5%
TR-DHPE. MIM/IMD protein concentration: 300nM. (A) Confocal images showing that
no protein bound to pure DOPC GUV in 10 min. Scale bar = 10 μm. (B) Density-area
figure shows no area decrease for GUV. Buffer: 50 mM HEPES, 50 mM NaCl, PH = 7.4.
GUV composition: 45% DOPS+30% DOPE+24.5% DOPC+0.5% Texas Red-DHPE.
In the second control experiments, we attached streptavidin (no curvature sensitivity is
expected for streptavidin) to GUVs. For this experiment, a GUV containing 1% biotin
was transferred into streptavidin solution under relative low membrane tension. In Fig.
6.3A, we observe that streptavidin bound to the GUV, however, no change in projection
length was observed. The analysis of the time dependent streptavidin density on GUV
and GUV membrane area of the example is presented in Fig. 6.3B, which shows that no
decrease in membrane area was observed. This control experiment was repeated five
times with protein concentration ranging from 200 nM to 500 nM. These two
experiments imply that the projection length decay observed in IMD experiments is not
an artifact due to solution transfer or unspecific protein binding, but is a consequence of
the curvature sensitivity of the IMD domain.
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Figure 6.3 Membrane binding of streptavidin does not induce curvature instability
under our experimental conditions. (A) Time-lapse confocal images showing the
geometry of a pipette-aspirated GUV during the binding of streptavidin_FITC. Upper
row: protein channel; lower row: lipid channel. Protein concentration: 200 nM.
Membrane

tension:

0.050

±

0.003

mN/m.

GUV

lipid

composition:

DOPS/DOPE/DOPC=45/30/25. Scale bar: 10 μm. (B) Analysis of the time dependent
streptavidin density on the membrane (filled cycles) and GUV membrane area (unfilled
cycles) of the example shown in (A). No observable area decrease (curvature instability)
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was observed for five independent GUVs transferred into solutions of streptavidin with
the concentrations ranging from 200 nM to 500 nM.
6.2 Membrane tension and protein density co-regulate membrane curvature
transition
Fig. 6.4 shows two representative time-lapsed traces of protein density (black vertical
axis) and surface area (grey vertical axis) under different membrane tensions (A: 0.076 ±
0.004 mN/m; C: 0.255 ± 0.007 mN/m). These traces reveal a transition point (marked by
the dashed lines) where the visible membrane area begins to decrease. We defined the
onset of the area decrease as the value where the GUV area decreased to a value two
standard deviations below the average value of the pre-transition area. The onset of
membrane area decrease corresponds to a protein density defined as the shape transition
density. From the comparison of Fig. 6.4A and 6.4C, it is observed that the instability
transition-density is correlated with membrane tension: higher membrane tension requires
higher protein density to induce the instability transition (transition densities for Figs.
6.4A and 6.4C are 1249  77 / µm2 and 2591  21/ μm2, respectively). Fig. 6.4B and
6.4D display the time dependence of the mean lipid dye fluorescence intensities inside of
the GUVs shown in Fig. 6.4A and 6.4C, respectively. The membrane area decrease
observed in Fig. 6.4A and 6.4C is clearly correlated with an increase in the mean
fluorescence intensity inside GUVs. The time point where membrane area starts to
decrease is close to the time point where the mean intensity inside the GUV begins to
increase. The increase in the fluorescence intensity inside the GUV is in agreement with
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the formation of inward membrane tubules, which will result in higher lipid concentration
in the GUV interior.

Figure 6.4 GUV shape instability depends on IMD protein density and membrane
tension. Representative trials at low membrane tension (A: 0.076 ± 0.004 mN/m) and
high membrane tension (C: 0.255 ± 0.007 mN/m). The instability transition protein
density is indicated by the dashed lines. The GUV area is the sum of the spherical part of
the GUV and the cylindrical, pipette-aspirated part. The instability transition density at
high membrane tension is larger than at low membrane tension. (B) and (D) are the
121

recorded mean fluorescence intensity of lipid dye inside the GUVs shown in (A) and (C),
respectively. Buffer: 7 mM HEPES, 50 mM NaCl, pH = 7.4. GUV composition: 45%
DOPS + 30% DOPE + 24.5% DOPC + 0.5% Texas Red-DHPE.
In order to gain a more complete understanding of the coupling of IMD protein density
and membrane tension in determining the membrane curvature instability, we examined a
range of membrane tensions varying from 0.03 mN/m to 0.36 mN/m guided by the range
of membrane tensions in cells [11-13]. From a set of numerous measurements, we
obtained a GUV membrane shape stability diagram (Fig. 6.5). In this diagram, we
correlate protein transition density with the square root of membrane tension. The
measurements define a stability boundary where the membrane curvature transition
occurs. If a GUV is located on the left and on top of this boundary the planar membrane
state is mechanically stable, whereas towards the right and below of the stability
boundary the GUV will have undergone a membrane shape transition. Outside of the
instable region of the membrane shape stability diagram, GUVs without tubulations were
observed (Fig. 6.5, unfilled squares), which is consistent with the location of the
instability boundary.
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Figure 6.5 MIM/IMD induced GUV stability diagram correlating membrane tension
and density of protein on membranes. Each data point represents a measurement taken
on an individual GUV. The filled squares represent the instability transition protein
densities on GUVs where tubulation was observed. These points were fitted by a linear
curvature stability theory [191]. The unfilled squares represent the equilibrium protein
density on GUVs where protein binding had reached equilibrium but tubulation was not
observed; the dashed lines represent a 95% confidence interval. Buffer: 7 mM HEPES, 50
mM NaCl, pH = 7.4. GUV composition: 45% DOPS + 30% DOPE + 24.5% DOPC +
0.5% Texas Red-DHPE.
Furthermore, as shown in Fig. 6.5, the experimental shape stability boundary can be fitted
with a thermodynamic curvature instability model resulting from a linear stability
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analysis, which predicts a membrane instability induced by proteins that couple with
membrane curvature [189-191]. Assuming protein / protein interactions to follow a twodimensional van der Waals model, the instability boundary can be expressed as follows
[154]:
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Here, σ is membrane tension, κ is the membrane bending rigidity measured in the absence
of protein, which we previously determined to be 23 ± 3 kBT [154], C0 indicates the
spontaneous membrane curvature induced by IMD dimer (C0 is negative based on the
concave curvature preference of IBAR proteins), β is the excluded area of the IMD dimer
on the membrane surface, predicted to be 54.9 nm2 (cross sectional area from crystal
structure: 18.3 nm  3 nm) [51], ρ is the protein transition density, ρ0 is the full coverage
protein number density on the membrane, which we assumed to be 18215 / μm2 (1/ 54.9
nm2), α is a protein/protein interaction strength and b is a constant [154, 192].
For the purpose of fitting the experimental data, equation (6.1) can be expressed as
follows:

  a1  a2 03  1 ( 0   )2  a3 ,

(6.2)

where a1 , a2 and a3 are fitting parameters. These three primary fit parameters directly
relate to a set of three physically intuitive parameters that describe the coupling of the
protein with membrane curvature [154]. These parameters are: the transition density at
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zero membrane tension (x-intercept), a maximal tension at which tubulation is possible,
and the spontaneous curvature induced by the protein.
Zero tension transition protein density
When σ = 0, Equation (6.2) can be processed as follows:

(

a
 3


)  2*( ) 2   2 2  0.
0
0
0 a1  a3

Setting a0 

(6.3)

a2

, and defining the protein cover fraction as  
, we will obtain the
a  a3
0
2
1

following equation:

 3  2* 2    a0  0.

(6.4)

Solving this equation yields zero-tension transition cover fraction:

t 0 

2  2cos
3


3,

where   arccos(

(6.5)

2  27a0
) . With this, the zero tension transition protein density is
2

found to be t 0  0 *t 0 .
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The error of 𝜙 is estimated by taking the derivative on both sides of the above equation,
yielding 3* 2   4*    a0 , where  

t 0
and a0 is calculated by error
0

propagation of a1 , a2 and a3 .
The fitted protein transition density ( t 0 ) is 188 ± 59 / μm2 at zero membrane tension.
This positive x-intercept is consistent with the fact that the membrane is stable in the
planar state in the absence of MIM/IMD proteins.
Tension limit for instability transition
Furthermore, there is a tension limit (σmax) of 0.35 ± 0.03 mN/m, beyond which GUVs
can no longer be tubulated.
1
When   0 ,
3

σmax = a1 

The error of

 reaches a maximum:

27
a2  a3 .
4

(6.6)

 max is calculated by error propagation of a1 , a2 and a3 .

Effective spontaneous curvature
a12 / a2   C0 2  / kBT

(6.7)
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From Equation (6.7), the fitted constants yield the reciprocal of spontaneous curvature
| C0 |1 = 3.70 ± 0.62 nm (uncertainty from error propagation) for this MIM/IMD

homodimer.

Figure 6.6 Reduction of membrane tension of a stable GUV equilibrated with IMD
can also induce a membrane shape transition.
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(A) Time-lapsed confocal images

(Upper: lipid channel; lower: protein channel) of a GUV. This GUV was stable after
protein binding reached the equilibrium value. After equilibration at high tension,
membrane tension was reduced to 0.033 mN/m within 2 seconds (Starting point indicated
by dashed line in B), GUV area started to decrease (tubulation). (B) Protein density
(black filled squares) and GUV area (grey unfilled squares) traces of images shown in
(A). (C) Time-lapsed trace of the mean fluorescence intensity of lipid dye inside the GUV
shown in A. [MIM/IMD] = 180 nM and membrane tension = 0.238 mN/m. Buffer: 50mM
HEPES, 50 mM NaCl, pH = 7.4. GUV composition: 45% DOPS + 30% DOPE + 24.5%
DOPC + 0.5% Texas Red-DHPE.
The measurements described so far all kept membrane tension constant before the shape
instability. As can be deduced from Fig. 6.5, increasing protein density or reducing
membrane tension both are expected to induce membrane tubulation if GUVs contain a
sufficient amount of bound protein. To show that reducing membrane tension can induce
a membrane shape instability transition induced by IMD, we aspirated a GUV with a
relatively high membrane tension (0.238 mN/m) and equilibrated it in protein solution
(180 nM). These conditions ensure constant protein density on the GUV while avoiding
tubulation. We then reduced the membrane tension five-fold within 2 seconds. As
expected, inward tubulations were observed after lowering membrane tension (Fig. 6.6A).
As in the case of transitions induced by protein density changes, tubulation was
accompanied by a decrease in surface area (Fig. 6.6B) and an increase in the mean
fluorescence intensity of lipid dye in the GUV interior (Fig. 6.6C).
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6.3 Dye-labeling does not influence IMD domain’s membrane binding and
curvature generation
We note that IMD proteins were labeled with the synthetic fluorophore Alexa Fluor 488
(AF488). In principle, fluorophore labeling might interfere with protein function. In order
to eliminate the possibility that the synthetic fluorophore interferes with membrane
binding and curvature generation, we compared the membrane binding of AF488 labeled
and unlabeled MIM/IMD by means of a cosedimentation assay (Fig. 6.7A). From SDSPAGE analysis, we found that almost all of the unlabeled, as well as the labeled proteins
were pelleted, which suggests that AF488 labeling does not measurably compromise
MIM/IMD’s membrane binding.

Figure 6.7 Alexa dye labeling does not influence MIM/IMD’s membrane binding
and curvature generation. (A) Cosedimentation assay: unlabeled and AF488 labeled
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MIM/IMD proteins were incubated with vesicles and ultra-centrifuged before SDSPAGE analysis (5µM protein + 2mM LUVs). S: supernatant fraction; P: pellet fraction.
(B) MIM/IMD-EGFP GUV instability transition points (filled cycles) were plotted into
the instability transition boundary obtained for AF488 labeled MIM/IMD (the boundary
is indicated with the fitting line and the 95% confidential intervals). The instability
transition boundary obtained for MIM/IMD-EGFP matches well with that of Alexa Fluor
488 labeled MIM/IMD. (C) Comparison of the equilibrium density on transferred GUVs
of MIM/IMD-EGFP (4 GUVs) and AF488 labeled MIM/IMD (4 GUVs) reveals no
significant difference (P = 0.18, Student t-test). Vesicles composition: 45% DOPS + 30%
DOPE + 24.5% DOPC. Buffer: 7 mM HEPES, 50 mM NaCl, pH = 7.4. Error bars are
standard errors of the mean.
Furthermore, we tested the influence of AF488 labeling on the membrane curvature
generation ability of MIM/IMD by comparing to MIM/IMD-EGFP protein. In Fig. 6.7B,
the instability data points obtained for MIM/IMD EFGP (filled circles) were plotted into
the instability diagram obtained for AF488 labeled MIM/IMD (a solid fitting line and two
dashed 95% confidential interval lines indicate the instability boundary), from which it is
seen that the instability data points of MIM/IMD-EGFP located within the uncertainty
interval of the instability boundary of AF488 labeled MIM/IMD. This indicates that
AF488 labeling does not affect the membrane curvature generation ability of MIM/IMD.
The equilibrium density of MIM/IMD-AF488 and MIM/IMD- EGFP on transferred
GUVs were also quantitatively compared in Fig. 6.7C. A Student t-test does not support a
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significant difference in equilibrium density (P = 0.18). This is additional evidence to the
claim that AF488 labeling does not affect the membrane binding of MIM/IMD. Both
assays confirmed absence of measurable effects due to fluorophores.
6.4 The GUV-curvature-instability-transition protein density is not affected by the
protein bulk concentration

Figure 6.8 Equilibrium protein density on GUV is not affected by membrane
tension, and bulk protein concentration does not affect the instability transition
protein density.

(A) Under the same membrane tension (~ 0.2 mN/m), instability

transition density is not affected by protein concentration, and the equilibrium protein
density is increasing with protein concentration. 5 GUVs for each protein concentration
were chosen for this comparison. Buffer: 7 mM HEPES, 50mM NaCl, pH = 7.4. GUV
composition: 45% DOPS + 30% DOPE + 24.5% DOPC + 0.5% Texas Red-DHPE. Error
bars are standard errors of the mean. (B) At the same protein concentration (390 nM),
equilibrium protein density is not changing with membrane tension.
131

As we have done before for endophilin [154], we asked the question if the protein
transition density is affected by the protein bulk concentration. To answer this question
for IMD, we carried out GUV instability assays under roughly the same membrane
tension but with significantly different protein concentrations. The results (Fig. 6.8A)
show that protein transition density does not significantly change with protein bulk
concentration, which is consistent with our previous conclusion that protein binding
kinetics (which increases with increasing protein concentration), does not affect the
transition density (which the linear instability analysis assumes to be an equilibrium
property).
Furthermore, we asked if the equilibrium density of the protein on the membrane depends
on membrane tension. Such a dependency would indicate that the binding mode of the
protein on the membrane might be influenced by the degree of membrane tension. For
these experiments we used a broad range of tension, but used the same protein bulk
concentration. Consistent with our earlier findings for endophilin N-BAR domains, we
observed that the protein binding affinity is not affected by membrane tension (Fig. 6.8B).
6.5 PI(4,5)P2 promotes membrane curvature induction via IMD domains
We also examined PI(4,5)P2 containing GUVs because IMDs were reported to have
higher binding affinity to PI(4,5)P2-rich (30% PI(4,5)P2) liposomes and to be able to
induce PI(4,5)P2 clustering, which precedes the formation of inward tubules [58, 59].
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Figure 6.9 PI(4,5)P2 content in GUVs does not affect the equilibrium density and
only weakly decreases the instability transition density of the MIM/IMD domain.
(A) At the same protein concentration (180 nM), equilibrium protein density is not
significantly different (P = 0.76) comparing GUVs in the absence and in the presence of
5% PI(4,5)P2. Non-PI(4,5)P2 GUV composition: 45% DOPS + 30% DOPE + 24.5%
DOPC + 0.5% Texas Red-DHPE; 5% PI(4,5)P2 GUV composition: 30% DOPS + 30%
DOPE + 34.5% DOPC + 5% PI(4,5)P2 + 0.5% Texas Red-DHPE. The total charges of
the GUVs are similar. (B) Quantitative comparison of the instability transition protein
density of GUVs with and without PI(4,5)P2. The GUVs (6 GUVs for each lipid
composition) chosen for this comparison were under similar membrane tensions
[0.3, 0.4] (mN/m)

0.5

0.5

=

. A Student t-test yielded a P value of 0.016. 35% decrease in the

average of transition densities was observed for 5% PI(4,5)P2 GUVs. Buffer: 7 mM
HEPES, 50 mM NaCl, pH = 7.4. Error bars are standard errors of the mean.
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To carry out this set of experiments, we chose a mole fraction of 5% PI(4,5)P2 which
might be considered close to the PIP2 content of a plasma membrane. In order to
eliminate the effect of charge difference on protein membrane binding, we aimed to keep
the total charge of the GUV constant by reducing the PS percentage (from 45% used in
the previous measurements) to 30%. In Fig. 6.9A, no significant difference in protein
membrane binding equilibrium density can be observed. However, a 35% decrease in the
average of transition densities was observed for 5% PI(4,5)P2 GUVs (Fig. 6.9B). To
conclude, our observations suggest that 5% PI(4,5)P2 can effect GUV membrane
curvature transitions at a lower protein density compared to membranes that do not
contain PI(4,5)P2. Interestingly, compared to N-BAR proteins, this PI(4,5)P2 effect is the
opposite for IMD proteins [154].
6.6 Ionic strength does not influence the GUV-curvature-instability-transition
protein density
Since the measurements so far were all carried out in 50 mM NaCl solution, which is
considerably less than the physiological ionic strength of 150 mM, we carried out control
experiments at physiological salt concentrations. This control was achieved by replacing
the mixing buffer (20 mM HEPES, 150 mM NaCl) to a higher salted buffer (20 mM
HEPES, 450 mM NaCl) when preparing the dilution buffer (see Chapter 2). We observed
a roughly 10 fold lower membrane binding for this MIM/IMD domain in 150 mM NaCl
solution when compared to that in 50 mM NaCl solution (Fig. 6.10A), which is expected
given the known electrostatic contributions to the protein/membrane interaction [193].
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Interestingly, even though the membrane binding capacity is lower in 150 mM NaCl
solution, no significant difference in the instability transition density was observed, see
Fig. 6.10B. This observation is consistent with our previous finding that variation of the
fraction of negatively charged lipids in the membrane does affect equilibrium binding
densities but does not affect protein density at the membrane shape transition [154].
Taken together, these two findings suggest that electrostatic attraction of the BAR protein
to the membrane is important for membrane binding, but is not important for the
curvature generation capacity of the protein. Other mechanisms, such as wedging through
hydrophobic insertion [59], or oligomerization, may be responsible for the curvature
generation capacity of the IMD domain [194].

Figure 6.10 Ionic strength does not significantly influence MIM/IMD’s ability to
induce membrane shape instability.

(A) Equilibrium protein density on GUVs

([MIM/IMD] = 390 nM). At 150mM NaCl, the equilibrium protein densities on GUVs
are roughly 10 fold lower than at 50 mM NaCl. (B) Bar graph comparing the transition
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densities for IMD domain in GUV instability assay at 150 mM NaCl and 50 mM NaCl.
The GUVs (4 GUVs for each salt condition) used for comparison are under similar
membrane tensions. Student t-test reveals a P value of 0.20, which suggests that the
transition densities at 150 and 50 mM NaCl, respectively, are not significantly different.
GUV composition: 45% DOPS + 30% DOPE + 24.5% DOPC + 0.5% Texas Red-DHPE.
Error bars are standard errors of the mean.
6.7 IMD N-terminus insertion inhibits membrane invaginations
N-terminus insertion was reported as a factor that influences the capacity of I-BAR
proteins to induce filopodia formation [59]. For MIM and ABBA, but not for IRSp53, Nterminal insertion was previously reported [59]. To understand the role of N-terminus
insertion in membrane curvature induction through I-BAR proteins, we compared the
membrane curvature generation abilities of ABBA/IMD, IRSp53/IMD and MIM/IMD
D1-11 (MIM/IMD domain with residues 1-11 deleted).
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Figure 6.11 N-terminal helix insertion reduces membrane curvature generation
capacity of IMD domains. Comparison of the instability transition density (A) and
equilibrium density (B) on tranferred GUVs of MIM/IMD, ABBA/IMD, IRSp53/IMD
and MIM/IMD D1-11. Data points (GUV numbers used here for MIM/IMD,
ABBA/IMD, IRSp53/IMD and MIM/IMD D1-11 were 13, 9, 7 and 9, respectively)
chosen for the transition density comparison are in the same membrane tension range of
~0.15 mN/m. GUV composition: 45% DOPS + 30% DOPE + 24.5% DOPC + 0.5%
Texas Red-DHPE. [Protein] = 400 nM. Buffer: 7 mM HEPES, 50 mM NaCl, pH = 7.4.
Error bars are standard errors of the mean.
Fig. 6.11A shows that no significant difference in transition densities was observed for
MIM/IMD and ABBA/IMD. On the other hand, compared to these two proteins,
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significantly lower membrane curvature instability transition densities were observed for
IRSp53/IMD, as well as the N-terminus deleted MIM/IMD isoform (MIM/IMD D1-11).
This observation indicates that N-terminus insertion for I-BAR domains inhibits
membrane invaginations in our GUV system, which makes sense for inward tubulating
membranes.
The equilibrium binding densities of the four I-BARs at the same bulk protein
concentration were also quantified and compared in Fig. 6.11B. A Student t-test supports
no significant difference in equilibrium binding density for the four I-BARs. We note that
for IMDs to be able to distinguish between effects that exclusively modulate protein
binding, such as ionic strength, and those that exclusively affect shape transitions, such as
N-terminal insertion, is a unique strength of our experimental approach.
6.8 Summary and significance
In this chapter, by means of a GUV shape stability assay developed recently in our lab,
we were able to assess the capacity of IMDs to generate membrane curvature. We found
that, as for N-BAR domains, IMD mediated membrane curvature generation can be
described with a theoretical model that allows extracting three parameters individual to
the protein of interest [189, 190]. The majority of previous contributions has considered
only the spontaneous curvature of the protein, but we find that additionally, the proteinprotein interaction strength needs to be considered. In our theory, this parameter is related
to the density of proteins on the membrane required at negligible membrane tension to
tubulate the membrane [154]. The third parameter, the maximal tension at which
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tubulation is possible, also quantifies the curvature generation capacity of the protein, and
depends in a more complicated fashion on features of the protein [154].
6.8.1 Comparison of IMD with endophilin N-BAR
Given that endophilin has recently been shown to be the key curvature generator in
specific internalization processes at the plasma membrane [195, 196], a comparison
between endophilin N-BAR and IMD domains is warranted.
From fitting our experimental data, we obtained a zero tension instability transition
density for MIM/IMD of 188 ± 59 / μm2. This positive x-intercept indicates that GUVs
are stable (i.e. no tubulation) at zero tension unless more than 188 / μm2 MIM/IMD
proteins are bound to the outer GUV membrane leaflet. Interestingly, this zero tension
shape transition density is more than 3 fold lower than that of endophilin N-BAR (~ 650
/μm2 [154]). This shows that the MIM proteins have an even stronger ability in effecting
a curvature instability compared to endophilin. This finding is also supported by
comparing the maximal tubulation tensions: 0.35 ± 0.03 mN/m for IMD versus 0.19 ±
0.03 mN/m for endophilin [154], indicating that IMD can tubulate at almost double the
membrane tension than endophilin. The fact that the spontaneous curvature of these two
proteins are more comparable (the value of the spontaneous curvature radius for IMD is
| C0 |1 = 3.70 ± 0.62 nm, well in the range found for N-BAR domains, | C0 |1  1 - 6 nm

[34, 154, 155], underlines the fact that the spontaneous curvature of a protein is not a
sufficient parameter to describe the membrane curvature generation capacity or the
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protein. We note in passing that it might have been expected that the less bent IMD
domain would have a smaller spontaneous curvature than endophilin N-BAR. This
observation indicates that the crystal structure of a BAR domain protein does not suffice
to yield estimates of the spontaneous membrane curvature generated by the protein.
Effects such as membrane insertion of amphipathic protein components such as
demonstrated above, and further atomistic details of the protein/membrane interaction
[101], strongly affect the degree of spontaneous curvature generated by a specific protein.
Taken together, our data imply that IMD is a significantly stronger membrane curvature
generator compared to endophilin N-BAR domains. This finding is consistent with
previous literature that has reported that the IMD domain alone is sufficient to induce
filopodia or filopodia-like membrane protrusions [70, 197]. As for endophilin, the present
study shows that the membrane instability induced by I-BAR proteins is regulated by the
coupling of protein density and membrane tension. Since membrane tension universally
exists in plasma membranes and is a key regulator of membrane surface area [11], this
protein-density vs. membrane tension co-regulation mechanism is likely a universal
mechanism of regulating membrane shape transitions.
6.8.2 Comparison of different I-BARs
ABBA is known as the I-BAR protein structurally closest to MIM [198]. Consistent with
this notion, we did not find statistically significant differences in membrane curvature
induction and membrane binding properties of ABBA/IMD and MIM/IMD. This
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observation correlates their structure similarity with their functions in membrane
curvature induction.
Moreover, we observed stronger curvature inducing abilities for IRSp53/IMD and
MIM/IMD D1-11 as compared to MIM/IMD and ABBA/IMD. An important difference
for these two groups of I-BARs is the N-terminal insertion proposed for MIM/IMD and
ABBA/IMD [59]. The absence of N-terminus insertion lowers the protein density
required for membrane curvature induction, which suggests that N-terminus insertion
inhibits the abilities of I-BAR domains to induce membrane invaginations on GUVs.
While N-terminus insertion was also reported to promote the formation of filopodia in
cellular experiments [59], we hypothesize this phenomenon to be due to effects not
captured in our in vitro experiments. Amphipathic helix insertion of N-BAR proteins [38,
101], as well as globular proteins such as the N-terminal homology (ENTH) domain,
promotes the formation of outward tubules from liposomes [157, 199]. Therefore, from a
biophysical perspective, the N-terminal amphipathic helix insertion of I-BARs is
expected to inhibit membrane invaginations.
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Chapter 7 Molecular Details Determine the Membrane Remodeling
Function of BAR Domain Proteinsf
It is currently unclear whether the membrane curvature coupling of BAR domain
containing proteins is specific to individual BAR domain types, or whether it is redundant
within a given class of BAR proteins. Endophilin, amphiphysin and SNX9 are three such
BAR proteins that share similar intrinsic curvature in their scaffold structure.
In this chapter, we quantified the curvature generation capacity of endophilin,
amphiphysin and SNX9, using multiple biophysical methods. We revealed the ability of
the three proteins to generate high curvature increases substantially from endophilin over
amphiphysin to SNX9, as verified by independent techniques. We next investigated
potential molecular mechanisms that might explain the large variations in membrane
curvature generation ability among these structurally similar proteins. We found that the
protein-protein attraction strength on the membrane (either direct, or indirect, membranemediated interaction) is an important factor in determining the curvature generation
ability of these three proteins. We also compared the membrane sorting of the three
proteins and observed that the membrane curvature sensing abilities are protein densitydependent and vary significantly among protein types. This study provides mechanistic

f

Parts of this chapter are adapted from: Zhiming Chen, Zheng Shi, Katarzyna I.
Jankowska, Tingting Wu and Tobias Baumgart. Molecular details determine the
membrane remodeling function of BAR domain proteins. To be submitted.
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insight into BAR protein function, and serves as a basis for further understanding the
physiological function of BAR proteins.
7.1 Crystal structure similarities and differences of endophilin, amphiphysin and
SNX9
Endophilin, amphiphysin, and SNX9 show similar crystal structures of their BAR
domains (Figure 7.1A) which almost overlap (Figure 7.1B, RMS = 18.603 and 23.425 for
the alignments of endophilin with amphiphysin and SNX9, respectively). However, these
three proteins also possess distinctive additional structural features. SNX9 contains a PX
domain, which confers phosphoinositide binding specificity [116, 117, 200]. The PX
domain associates tightly with the BAR domain scaffold, and significantly increases its
membrane binding interface area[201] (Figure 7.1C). Endophilin bears an amphipathic,
membrane inserting helix near the vertex of its membrane binding interface [24, 39]
(Figure 7.1C).

143

Figure 7.1 Crystal structures of endophilin, amphiphysin, and SNX9. (A) Crystal
structures of the N-terminal BAR domain of endophilin (blue, PDB:2C08), amphiphysin
(red, PDB: 4ATM), and the PX-BAR domain of SNX9 (green, PDB: 2RAI). (B)
Structure alignment of the three BAR domains with PyMOL. Align BAR domains of
endophlin and amphiphysin yields a RMS of 18.603, while align BAR domain of
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endophilin with the PX-BAR domain of SNX9 yields a RMS of 23.425. (C) Distinctive
additional structural features of endophilin, amphiphysin and SNX9.
7.2 Membrane binding decreases from endophilin over amphiphysin to SNX9
The behaviour of BAR domain proteins on membranes depends critically on the protein’s
density on the membrane. For example, these proteins tend to oligomerize at high surface
density [25] and the protein’s membrane curvature coupling ability exhibits distinct
regimes depending on the bound protein density [34, 154, 155]. We characterized the
membrane binding ability of the three BAR domain proteins to membranes of the same
lipid composition.
We first eliminated the influence of fluorescent dye (Alexa Fluor 488 C5-maleimide)
labeling on the membrane binding of the three N-BAR proteins by measuring their
binding on GUVs with varied fraction of labeled proteins, which was achieved by mixing
labeled and unlabeled proteins. We observed that the measured membrane-bound labeled
protein densities follow a linear increase with the fraction of labeled proteins (Fig. 7.2AC), implying that labeled and unlabeled proteins have the same capacity in membrane
binding.
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Figure 7.2 Fluorescent dye labeling does not affect the membrane binding of the
three N-BAR proteins. Figure C-D was obtained by Zheng Shi. GUV binding of the
three N-BAR proteins under varying fraction of labeled proteins. The amount of binding
shows a linear increase with the fraction of labeled species for all the three N-BAR
proteins. (Linear fit r2=0.98 for SNX9 and amphiphysin, r2=0.995 for endophilin). (A)
0.8μM Amphiphysin (FL) + 100 uM GUV; (B) 0.8μM Endophilin (N-BAR) + 100 uM
GUV; (C) 1, 2 and 3 μM SNX9 (FL)+ 30 μM GUV. Concentrations are the total protein
concentration (labeled+unlabeled). GUV:99.7% DOPS + 0.3% TR-DHPE, buffer: 50mM
NaCl, 7 mM Hepes, 0.33 mM TCEP-HCl, pH=7. (D) Protein densities measured on
GUVs with the composition PI(4,5)P2/DOPS/DOPE/DOPC = 5/30/30/35 under various
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protein concentrations for all three proteins. The data for each of the proteins was fitted to
an apparent Langmuir binding isotherm (ρ=ρmax/(1+KD/[P]), solid lines) with the fitted
results summarized in Table 7.1. Protein densities were measured on 10 to 20
independent GUVs for each condition. Gray error bars are standard deviations (SD) and
the colored error bars are standard errors of the mean (SEM). Buffer: 7 mM Hepes, 50
mM NaCl, pH 7, same for all figures below.

Protein

Endophilin (N-BAR)

1870 ± 870

18300 ± 5800

Amphiphysin (FL)

830 ± 490

5450 ± 1950

SNX9 (FL)

680 ± 90

1350 ± 80

D

ρ

-2

K (nM)

(μm )

max

Table 7.1 Fitting results of Figure 7.2D.
In Figure 7.2D, it is observed that for given protein concentrations, the protein density on
the membrane exhibits a consistent trend: endophilin > amphiphysin > SNX9. More
specifically, we find that the significant difference in membrane binding can be primarily
ascribed to the maximum densities (ρmax) that each of the proteins can reach on the
membrane. This is reflected in the parameters (Table 7.1) resulting from the fit to a
standard Langmuir isotherm binding model (Figure 7.2D). For endophilin, the value of
ρmax ~18300/μm2 is close to the density resulting from an excluded area β, deduced from
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the crystal structure, of 50 nm2 [155], which corresponds to a close packing density of
ρmax = 20000/μm2. For amphiphysin, for which an equivalent excluded area can be
assumed based similar crystal structures (Figure 7.1A,B), we found the Langmuir model
fit result of ρmax ~5450/μm2, a density considerably smaller than expected for close
packing. We note that the value determined here for a membrane composition of
DOPC/DOPE/DOPS/PI(4,5)P2 = 35/30/30/5 is comparable to that determined in a
previous study (~ 3000/μm2), which used the slightly different lipid composition of
DOPC/DOPE/DOPS = 1/1/1 [155]. For SNX9, we find an even smaller value of ρmax
~1350/μm2, thus representing an even starker contrast to the value expected from close
packing compared to the previous two proteins. This striking difference in ρmax values
comparing the three BAR proteins is not reflected in the binding affinities resulting from
Langmuir model fits. Rather, the (apparent) binding affinities are fairly similar
(considering the standard errors of the fit parameters).
The differential ρmax values of the three proteins are probably correlated with their
abilities to cluster negatively charged lipids. SNX9 and amphiphysin have been reported
to be capable of inducing PI(4,5)P2 clustering in the membrane [59, 202, 203].
Amphiphysin was further reported to induce phosphatidylserine (PS) clustering to a
magnitude close to the PI(4,5)P2 clustering. We caution here though that monovalent
lipid clustering-induced by membrane proteins have been discussed to be relative weak
compared to multivalent lipid clustering [204, 205]. SNX9, beyond its BAR domain,
contains additional membrane binding PX domain, which is expected to further restrict
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the diffusion of negative charged lipids [206]. The clustering of negatively charged lipids
would rapidly deplete effective protein binding sites and thus reduces the measured ρmax
value, consistent with our observations for amphiphysin and SNX9. This hypothesis is
further discussed in Chapter 9: Future Outlook.
7.3 Fluorescent dye-labelling does not influence the membrane tubulation abilities of
the three BAR proteins
We further eliminate the influence of dye labeling in membrane curvature generation of
the three N-BAR proteins by comparing the tubulation efficiencies of labeled and
unlabeled proteins. We observed that, for the three N-BAR proteins, the labeled and
unlabeled proteins showed no significant difference in tubulation efficiencies. The
tubulation efficiencies were obtained through counting the fraction of tabulated LUVs
among all the LUVs in TEM images (Fig. 7.3). This observation indicates that
fluorescent dye-labeling does not influence the membrane curvature generation capacity
of the three N-BAR proteins.
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Figure 7.3 Fluorescent dye labeling does not influence the liposome tubulaiton
ability of the three N-BAR proteins. No significant difference in tubulation efficiencies
of labeled and unlabeled proteins were observed for the three N-BAR proteins. LUVs:
35%DOPC + 30%DOPS + 30%DOPE + 5%PI(4,5)P2, extruded with 400nm filter 21
times. Coincubation of 5 μM protein and 0.1 mg/ml LUVs for 30 min. Buffer: 150 mM
NaCl, 20 mM HEPES, 1 mM TCEP-HCl, pH = 7.
7.4 Membrane curvature generation capacity of endophilin, amphiphysin and SNX9
differs significantly
To mimic curvature generation from the plasma membrane, we aimed to quantify the
ability of these BAR domain proteins to induce membrane curvature.
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This quantification was achieved by a recently developed GUV instability assay [153,
154], see Figure 7.4A. A GUV was aspirated from a GUV dispersion (red) with
controlled membrane tension and then protected with an outer capillary before transfer to
a protein solution (green). The capillary was then removed to expose the GUV to proteins.
As proteins bind to the aspirated GUV that was transferred from a vesicle solution,
tubules were observed after protein density on the GUV reached a critical level (Fig.
7.4B). By monitoring the GUV geometry, the transition point can be accurately identified
from the decrease in apparent membrane area (Fig. 7.4C).
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Figure 7.4 GUV stability assay suggests a decreasing curvature-inducing ability
from SNX9 to amphiphysin and to endophilin. The SNX9 data points shown in Figure
(D) was obtained by Zheng Shi. (A) Cartoon illustrating GUV transfer: a GUV was
aspirated from a GUV dispersion (red) and then protected with an outer capillary before
transfer to a protein solution (green), the capillary was then removed to expose the GUV
to proteins. (B) Representative GUV geometry changes with protein (endophilin N-BAR)
binding. Arrows indicate the formation of tubules from the GUV. (C) Geometry changes
monitored by the GUV surface area changes. The point where GUV surface area starts to
decrease (cross-point of dashed red line and red arrow) corresponds to a GUV instability
transition protein density. (D) Instability diagrams of endophilin (N-BAR), amphiphysin
(FL) and SNX9 (FL). Membrane tubulation transition points of endophilin (blue),
amphiphysin (red) and SNX9 (green) depict the GUV instability boundaries induced by
the proteins. Solid lines are the fitting lines of amphiphysin and endophilin instability
transition points and the dashed lines are the 95% confidential intervals for each. GUV
lipid

composition

in

endophilin

and

amphiphysin

experiments:

DOPS/DOPE/DOPC=45/30/25. GUV lipid composition in SNX9 experiments:
DOPS/DOPE/DOPC/PI(4,5)P2 = 30/30/35/5.
Based on measurements with varied membrane tensions, we obtained the GUV instability
diagrams of endophilin, amphiphysin and SNX9 (Fig. 7.4D). From the instability
diagrams, we observed that amphiphysin, compared with endophilin, can induce GUV
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instability transitions at a much lower protein density. Furthermore, SNX9 induces
tubules from GUVs at even lower protein densities than amphiphysin.
7.5 Analysis of curvature generation capacity via a simple model
All of the instability boundaries shown in Figure 7.4D were fitted based on a simplifying
linear membrane curvature instability theory [154, 189, 190]:
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 max
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k BT
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)
b  (  max   ) 2
b
b 2
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3
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Here, σ represents membrane tension, C0 represents spontaneous curvature of the
membrane induced by proteins, κ represents membrane bending rigidity with our lipid
composition (23.6 ± 4.0 kBT, see Fig.7.6). The protein mixing free energy is treated with
a van der Waals model with an effective protein-protein attraction strength α and an
excluded area β (predicted to be about 50 nm2 [155]). ρ and ρmax are transition protein
density and a close-packing protein density (estimated to be 30000 μm-2 [33, 201]),
respectively. b is a constant that penalizes inhomogeneous protein distribution on the
membrane [154]. Notably, the equation above contains only three fitting parameters, α,
C0, and b, corresponding to three independent molecular properties of the system. In
terms of measurable quantities, three fit parameters can be expressed as the protein’s
membrane curvature coupling strength: κC0, the maximum tension that allows the shape
transition: σ*, and the protein density required for tubulating a tensionless membrane: ρ0,
respectively (see Table 7.2).
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Protein

ρ0(μm )

C0(nm-1)

σ*(mN/m)

Endophilin (N-BAR)

760 ± 380

0.18 ± 0.04

0.23 ± 0.05

Amphiphysin (FL)

60 ± 16

0.66 ± 0.10

0.11 ± 0.04

SNX9 (FL)

12 ± 5

1.46 ± 0.41

0.25 ±0.06

Table 7.2 Fitting parameters of the instability boundaries shown in Figure 7.4D.
The fitting reveals that the spontaneous curvatures resulting from the instability assay
differ for the three proteins, with the following trend: C0 (SNX9) > C0 (amphiphysin) >
C0 (endophilin).
More interestingly, however, the reported ρ0 values differ to a significantly larger extent
compared to the C0 values (Table 7.2). We observed a ρ0 value of ~ 760 μm-2 for
endophilin which is consistent within statistical error with a value we obtained previously
[154]. However, the protein density to tubulate a zero-tension membrane is ~ 10 fold and
~100 fold lower comparing amphiphysin (~ 60 μm-2) and SNX9 (~ 12 μm-2) to
endophilin. This observation again agrees with the decreasing trend comparing the three
proteins’ membrane remodeling ability: SNX9 > amphiphysin > endophilin.
Interestingly, in our model, the protein density required to tubulate a zero-tension
membrane is only determined by the protein’s inter-molecular attraction strength α [154].
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From the fitted results of ρ0, the inter- molecular attraction strength of the three proteins
are: α(SNX9)= (6.1 ± 3.2)×104 kBT·nm2, α(Amphiphysin)= (1.3 ± 0.4)×104 kBT·nm2,
α(Endophilin)= (1.0 ± 0.5)×103 kBT·nm2. Therefore, our model predicts that the different
membrane remodeling ability of the three proteins is related to a dramatic difference in
the protein’s inter-molecular attraction strength α.
The inter-molecular attraction strength can be viewed as the protein’s tendency to
polymerize on the membrane. The interaction range (d) of BAR domain protein was
recently reported to be d ~ 12.5 nm [207]. The polymerization energy Fp can be estimated
to be Fp=α/(πd2/4), with Fp(SNX9)= 500 ± 260 kBT, Fp(Amphiphysin)= 100 ± 30 kBT,
and Fp(Endophilin)= 8 ± 4 kBT. Notably, the polymerization free energy calculated for
endophilin from molecular dynamics simulations (ranging from 6 to 12 kBT [207]) agrees
well with our estimate. We emphasize that this interaction may result from direct proteinprotein interactions [9, 133], as well as membrane-mediated, i.e. indirect attractive
interactions [207, 208], which are not mutually exclusive.
The results obtained so far point towards the inter-protein attraction strength as one of the
key molecular properties that determines the tubulation ability of a BAR domain protein.
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In fact, the tendency of proteins to attract and polymerize on the membrane is known to
be the major driving force for membrane deformation caused by coat-proteins such as
clathrin [209] and caveolin [210], with a polymerization energy (10 ~ 50 kBT [187, 211])
similar to what we have estimated for amphiphysin and endophilin. However, our
quantitative results here rely on assuming the protein to be a two-dimensional Van der
Waals gas, which may not be accurate when the proteins form highly ordered lattice
structures [6]. Therefore, in the following section, we seek to compare the three proteins’
inter-molecular attraction strength with a method that is independent of model
assumptions.
7.6 The three proteins exhibit different mobility on membrane tether
Based on the observations above, the α value increases from endophilin to amphiphysin
and to SNX9. Increased inter-molecular attraction implies a larger tendency to cluster,
which reduces the protein’s ability to diffuse on the membrane. We therefore expect the
mobility of the three proteins on the membrane to decrease from endophilin to
amphiphysin and to SNX9.
In order to assess the protein’s mobility on the membrane, we measured the fluorescence
recovery of each protein after photobleaching pulled membrane tethers (Fig. 7.5A) [34].
As expected [212], the measured mobility of the protein decreases with the protein’s
surface density on the membrane tether, and influenced by membrane tension (Fig. 7.5B).
We therefore carried out the comparisons under the same membrane tension and similar
protein densities. First of all, under a similar (low) membrane density the recovery
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fraction of amphiphysin was significantly higher than that of SNX9 within the same time
interval after photo-bleaching (Fig. 7.5C, E). Similarly, endophilin was found to show
more extensive recovery than amphiphysin when compared under a similar (high) density
(Fig. 7.5D, E). Therefore, we conclude that photobleaching recovery indeed follows our
expected trend, SNX9<amphiphysin<endophilin, further supporting our conclusion that
the inter-molecular attraction decreases from SNX9 to amphiphysin and to endophilin.

Figure 7.5 SNX9, amphiphysin, and endophilin show different mobility on
membrane tether. This figure was obtained by Zheng Shi. (A) Confocal images of a
membrane tether before (left) and after (right) photobleaching, with mobile (upper) and
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non-mobile (lower) cases. FRAP measurements were done in the boxed region. GUV
lipid composition: PI(4,5)P2/DOPS/DOPE/DOPC = 5/30/30/35. (B) Membrane tension
influences the protein diffusion on membrane. Summary of the recovery fractions of
SNX9 (green, density on GUV=160 ± 60 μm-2 (Mean ± SEM, same below)),
amphiphysin (empty red, density on 290 ± 90 μm-2), amphiphysin (filled red, density on
GUV=750 ± 110 μm-2), and endophilin (blue, density on GUV=1400 ± 400 μm-2) on both
high (~ 0.2 mN/m) and low (~ 0.04 mN/m) membrane tensions. (C) Example showing
FRAP measurements of SNX9 (green, density on GUV=160 ± 60 μm-2) and
amphiphysin (red, density on GUV=290 ± 90 μm-2). (D) Example showing FRAP
measurements of endophilin (blue, density on GUV=1400 ± 400 μm-2) and amphiphysin
(red, density on GUV=750 ± 110 μm-2). All measurements were done under the
membrane tension of 0.2 ± 0.01 mN/m. (E) Summary of the recovery fraction of each
protein under low (~200 μm-2) and high (~1000 μm-2) protein densities under the same
membrane tension of 0.2 ± 0.01 mN/m. Light error bars are SD, dark error bars are
SEM. Proteins used in this measurement were endophilin N-BAR, amphiphysin FL, and
SNX9 FL.
7.7 Tether pulling force measurements confirm the difference in membrane
curvature generation abilities
By GUV shape instability measurement, we found that amphiphysin and SNX9 are able
to deform membranes at a smaller membrane-bound protein density compared to
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endophilin. In order to verify the different curvature generation capacities of the three
BAR domain proteins, we applied an alternative technique to quantify mechanical effects
of these proteins on membranes.
When a lipid tether is pulled from a GUV, a pulling force proportional to the square root
of membrane tension ( f  2 2 , here f is the tether pulling force, κ and σ represent
the membrane’s bending rigidity and surface tension respectively) [213] that is required
to maintain the highly curved cylindrical structure. However, BAR domain containing
proteins with the ability to generate/stabilize high membrane curvature will have the
potential to reduce the pulling force [155, 214]. We therefore measured the tether pulling
force in the presence of each protein with the assistance of an optical trap.
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Figure 7.6 The three proteins mechanically stabilize high curvature membrane
tethers to different extents. This figure was obtained by Zheng Shi. (A) Representative
forces required to maintain a tether pulled from bare GUVs (black, lipid composition:
DOPS/DOPE/DOPC=45/30/25), GUVs in 400 nM endophilin (blue), or GUVs in 400
nM amphiphysin (red) under various membrane tensions. Solid lines are linear fits of the
pulling force to tension0.5 where the slope of the linear fit can be directly related to the
effective bending rigidity of the membrane. Averaged slope values from measurements
on multiple GUVs correspond to effective bending rigidities of 23.6 ± 4.0 kBT for bare
GUVs, 18.0 ± 4.0 kBT for GUVs in 400 nM endophilin, and 9.6 ± 7.9 kBT for GUVs in
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400 nM amphiphysin. (B) Representative forces required to maintain a tether pulled from
bare GUVs (black, lipid composition: PI(4,5)P2/DOPS/DOPE/DOPC=5/30/30/35), GUVs
in 200 nM amphiphysin (red), or GUVs in 400 nM SNX9 (green) under various
membrane tensions. Different protein concentrations were chosen here in order to reduce
the difference in membrane densities of the two proteins (see Figure 7.2D, under these
conditions, the resulting densities were 1050 ± 650 μm-2 for amphiphysin and 500 ± 60
μm-2 for SNX9). Solid lines are linear fits of the pulling force to tension0.5. Effective
bending rigidities are 21.9 ± 6.1 kBT for bare GUVs, 18.0 ± 4.4 kBT for GUVs in 200 nM
amphiphysin, and 18.7 ± 4.3 kBT for GUVs in 400 nM SNX9. (C) Summary of the slope
(black) and intercept (blue) extracted from the linear fits of tether pulling force to
tension0.5 as shown in A). (D) Summary of the slope (black) and intercept (blue)
extracted from the linear fits of tether pulling force to tension0.5 as shown in B). Student
t-test: N.S.: p>0.1, *p<0.05, **p<0.005, ***p<0.0005 (the tests without an associated
bracket refer to comparisons with corresponding ‘Bare GUV’ data). Light error bars are
SD, dark error bars are SEM. Proteins used in this measurement were endophilin N-BAR,
amphiphysin FL, and SNX9 FL.
As shown in Figure 7.6A, the presence of amphiphysin significantly lowers the pulling
force required to maintain the tether, consistent with the protein’s relatively strong
curvature generation capacity [155, 214]. At the same bulk concentration, endophilin
affects the tether pulling force to a much weaker extent; despite the larger number of
endophilin molecules that are bound to the GUV surface (Figure 7.6A). This can be
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further quantified by determining the slope and intercept of a linear fit of the f ~ 
relation. As shown in Figure 7.6C, both the slope and intercept significantly decrease in
the presence of amphiphysin compared to protein free GUVs, while no significant
difference can be found for endophilin covered membranes. Therefore, amphiphysin
possesses a significantly larger membrane curvature stabilizing effect than endophilin.
We then carried out the same comparison between SNX9 and amphiphysin. As shown in
Figure 7.6B, at comparable protein densities, SNX9 reduces the tether pulling force to a
larger extent than amphiphysin. We examined this further by performing a linear fit of
the f ~  relation of the two proteins. A significantly larger reduction in the intercept
value is found for SNX9 compared to amphiphysin (Figure 7.6D).
Overall, the tether pulling force measurements imply that under similar surface densities,
the proteins’ abilities to stabilize high curvature membranes follow a decreasing trend
from SNX9 to amphiphysin and to endophilin. These findings are consistent with our
predictions based on the EM tubulation assay, where SNX9 and amphiphysin exhibit a
lower critical concentration for tubulating liposomes than endophilin.
In a low protein density regime, one can treat the proteins as a two dimensional gas and
the tether pulling force f can then be predicted by 𝑓 = 2𝜋√2𝜅eff 𝜎 − 2𝜋𝜅𝐶0 𝜙0 , where
𝜅eff = 𝜅(1 −

𝜅𝐶0 2
𝑎

) , C0 represents the spontaneous curvature of the membrane induced by

protein binding, a is the effective inverse compressibility of the protein on the membrane,
and ϕ0 is the protein’s surface cover fraction on the GUV [155, 214]. In other words, with
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similar protein densities on the GUV, the amount of force reduction at zero tension is
predicted to be directly determined by the values of C0, with 𝑓0 = −2𝜋𝜅𝐶0 𝜙0 . Following
this, we can calculate the spontaneous curvature per molecule of each protein from the
intercepts values in Figure 7.6C and 7.6D (Table 7.3).

Protein

C (nm-1)

Endophilin (N-BAR)

0.028 ±0.017

Amphiphysin (FL)

0.34 ±0.05

SNX9 (FL)

1.03 ±0.14

0

Table 7.3 Effective spontaneous curvature predicted by the tether pulling force
measurements.
These values quantitatively agree with previously reported values for N-BAR domain
proteins [34, 155], and with a trend agreeing with the results from the GUV shape
instability measurements (Table 7.2).
7.8 Membrane curvature sensing ability is density dependent and decreases from
endophilin to amphiphysin and to SNX9 at low density
To compare the membrane curvature sensing abilities of the three proteins, we first
measured the curvature-dependent repartitioning of each protein on a tether-GUV system
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for similar protein densities on the GUV. For all three proteins, increasing membrane
tension resulted in an increase of protein fluorescence and a decrease of lipid
fluorescence of the tubule (Figure 7.7A-B). The decrease of lipid fluorescence is in
accordance with the reduction of tubule radius when membrane tension increases.
Conversely, the increase of protein fluorescence indicates that the amount of proteins
increases in the tubule region as the tubule curvature increases (radius decreases). This
means that, as expected, all three proteins have a preference for high positive membrane
curvature. The ratio of fluorescence signals (Ir/Ir0) as shown in Figure 7.7C, follows an
approximately linear relationship with the square root of membrane tension (σ0.5) within
the range of membrane tension probed, which agrees with a linear curvature sensing
theory [157].
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Figure 7.7 SNX9, amphiphysin and endophilin sense membrane curvature with
different strengths. This figure was obtained by Katarzyna Jankowska. Membrane
curvature sorting abilities of SNX9 FL, amphiphysin FL, and endophilin N-BAR as
measured by the repartitioning of each protein at the same protein density (98±4 µm-2
mean±SD) on the tether-GUV system. (A-B) Representative xy plane (A) and xz plane
(B) confocal images of pulled tether under low (0.0438 mN/m) and high membrane
tension (0.473 mN/m). (C) The curvature partitioning of proteins as a function of σ0.5.
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The proteins’ tendencies to enrich on high curvature tethers as quantified by the slopes of
linear fits (with intercept fixed at a value of 1). (D) Dependence of curvature sorting
slopes versus protein density on tethers for SNX9, amphiphysin, and endophilin. GUV
lipid composition: PI(4,5)P2/ DOPS/DOPE/DOPC = 5/30/30/35.

Protein

C0 [nm-1]

Endophilin (N-BAR)

0.93 ±0.06

Amphiphysin (FL)

0.61 ±0.05

SNX9 (FL)

0.33 ±0.02

Table 7.4 Effective spontaneous curvature fitted from Figure 7.7C.
We furthermore determined the slope of a linear fit to the sorting results, which can be
related to the protein size, and an effective spontaneous curvature per protein molecule
[34, 215]. As shown in Fig 7.7C, for similar protein density on the GUV (about 100 µm-2,
corresponding to a cover fraction of less than 0.5%), the curvature sensing abilities of the
three BAR proteins differ in that they increase from SNX9 to amphiphysin and to
endophilin. From the slopes of the linear relationships we calculated the spontaneous
curvature of each protein [155]. As expected qualitatively from the data, endophilin
shows the highest spontaneous curvature per molecule, while SNX9 has the lowest
spontaneous curvature at a density about 100 µm-2 (Table 7.4). Compared with our results
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from GUV shape instability measurements (Table 7.2) and the tether pulling force
measurements (Table 7.3), the curvature sorting measurements predict an opposite trend
in terms of the spontaneous curvature of the membrane induced by the three proteins.
This difference indicates that when generating membrane curvature, BAR domain
proteins likely use a mechanism different at least in part from what they use to sense the
membrane curvature [216].
At low protein densities on the GUV (below 200 µm-2), we observe the spontaneous
curvature to be protein density dependent in that it decreases with increasing protein
density on the GUV (Fig. 7.7D). At higher protein density (above 200 µm-2) the sensing
capacities are weaker and similar for all three BAR proteins. This is consistent with our
previous study of endophilin, which showed that the curvature sensing ability of BAR
domain proteins decreased with protein concentration [34].
At low protein density, N-BAR domains sense membrane curvature in part through their
amphipathic helices, which fold and insert into the headgroup region of the membrane
[105, 217]. It is well documented that endophilin possesses four such helices per dimer,
two at the N-terminus (H0, at the tips of the BAR domain dimer) while the other two are
near the center of the concave membrane binding interface (H1) [24, 38, 218].
Amphiphysin, on the other hand, only contains two H0 helices [24, 38]. Therefore, the
higher membrane curvature sensing ability of endophilin at low protein density may be
consistent with the larger number of membrane insertion helices compared to
amphiphysin. The case of SNX9 is less clear in this context. Unlike endophilin and
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amphiphysin, the BAR domain of SNX9 is located at the C-terminus of the protein,
leaving no apparent H0 helix that can fold in front of the BAR domain [201]. However, it
was recently suggested that the linker regions between the LC and PX domain, the PX
and BAR domain, along with an internal putative amphipathic stretch within the BAR
domain, can serve as membrane insertion helices for SNX9 [201, 219]. To what extent
the amphipathic helices proximal to the membrane of SNX9 contribute to curvature
sensing, is currently not clear.
At higher protein density, the BAR domain will get in closer proximity to the membrane,
while the insertion helices are more deeply buried in the bilayer [105, 217]. When the
BAR domains begin to interact with the bilayer, the difference caused by the three
proteins’ membrane insertion helices will become less prominent. It is tempting to
hypothesize at this stage, that the differences in sensing membrane curvature for the three
proteins can be related to the amphipathic helices.
7.9 Distinct molecular membrane curvature generation capacities
Both in our GUV shape stability assay and tether pulling force measurements we
observed that, despite the quite similar BAR domain structures, the three N-BAR proteins
have distinct molecular membrane curvature generation abilities: SNX9 > amphiphysin >
endophilin. The distinct difference of the fitted membrane-mediated protein-protein
attraction strength (α) implies that this parameter is a potential key player that results in
the distinct membrane curvature generation abilities of the three N-BAR proteins. This
hypothesis is supported by our mobility measurements, where one observes the mobilities
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follow to the trend: SNX9 < amphiphysin < endophilin, agreeing with our observation
that the inter-molecular attraction decreases from SNX9 to amphiphysin and to
endophilin. This hypothesis is further supported by a previous report that PI(4,5)P2containing liposomes promote higher order assembly of SNX9, and this lipid-mediated
self-assembly property promotes SNX9 activities [148, 220] and could be the main
driving force of tubule formation [201]. The self-assembly property of SNX9 is
consistent with previous work that reported tip-to-tip interactions among SNX9 dimers
[75].
We also comment on apparent discrepancies between our observations and two previous
reports where endophilin and amphiphysin were reported to be stronger membrane
curvature inducers than SNX9 based on the observation that endophilin and amphiphysin
induce membrane tubulations at lower bulk protein concentrations [148, 221]. In this
contribution, we dissect the membrane binding capacity and molecular membrane
curvature generation capacity. It is known that membrane binding affinity affects the
tubulation efficiency of BAR proteins [37, 38]. Our conclusion is based on the
quantification of the protein density required to induce membrane curvature changes (Fig.
7.4) and the force reduction under the same membrane-bound protein density (Fig. 7.6).
The dramatically lower binding capacity of SNX9 explains why opposite conclusions
were reached in previous reports.
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Figure 7.8 Membrane binding affinity difference explains the gap between out
observation and previous SUPER template observation [221]. Figure B-C was
collected by Zheng Shi. (A) Tubulation of SUPER template by SNX9 FL (1 μM) and
endophilin N-BAR (0.5 μM) with the lipid conditions used in Neumann et al. [221].
Scale bar = 5 μm. (B) GUV shape stability assay of SNX9 FL and endophilin N-BAR.
Circles: maximum density of a GUV without tubulation; Triangles: transition density;
Green: SNX9; Blue: Endophilin. (C) Quantified equilibrium protein densities (unfilled
columns, SNX9 (400 nM, 8 GUVs):

244 ± 186 μm-2 and endophilin (400 nM , 8

GUVs): 5663 ± 2878 μm-2 ) and transition density of endophilin (black filled column,
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4097 ± 644 μm-2 ) on GUVs with membrane tension =0.09 ± 0.01mN/m (Mean ± SE).
Lipid compsotion on SUPER template and on GUVs:79% DOPC + 15 % DOPS + 5%
PI(4,5)P2 + 1% TR-DHPE. Buffer: 50mM NaCl, 7 mM Hepes, 0.33 mM TCEP-HCl,
pH=7.
We reproduced the SUPER template experiment described in Ref. [221] and similarly
observed that 0.5 μM endophilin was capable of inducing tubules from SUPER template
while 1 μM SNX9 cannot (Fig. 7.8A). We further used GUV shape stability assay to
compare the curvature generation capacity of SNX9 and endopihlin under the lipid
composition used in in references [148, 221]. In Figure 7.8B-C, we can see that under the
same bulk protein concentration (400 nM), the equilibrium membrane binding density of
SNX9 is ~ 20 fold lower than that of endophilin. For SNX9, none of the transferred
GUVs were tubulated because the membrane-bound protein density was not high enough
to induce curvature changes. However, for endophilin, 4 out of 8 GUVs were tubulated
when the average equilibrium binding density is higher than the transition density. The
huge difference in equilibrium binding densities of SNX9 and endophilin explains why
tubulation was observed for endophilin in previous SUPER template study but not for
SNX9. In summary, SNX9 has the strongest molecular membrane curvature generation
capacity among the three N-BAR proteins, but shows lower tubulation efficiency at the
same bulk protein concentration due to lowest membrane binding capacity.
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7.10 Membrane curvature sensing and curvature generation are not fully coupled
From the comparison of the membrane curvature generation and membrane curvature
sorting measurements, we found that the spontaneous curvature measured from
membrane curvature sorting showed an opposite trend compared to those measured from
GUV shape stability assay and tether pulling force measurements. This observation
implies that BAR proteins likely use different mechanisms to sense and generate
membrane curvatures [216]. The dramatic differences in their membrane curvature
generation and membrane curvature sensing abilities also motive in depth study of each
BAR proteins in the cellular environment. There also may be compensatory mechanisms
where some protein functions can be substituted by others while some cannot.
7.11 Summary and significance
In the systematically in vitro comparison of endophilin, amphiphysin, and SNX9, we
revealed striking differences in the membrane binding capacity, the curvature generation
capacity, and the curvature sensing capacity. These observations provide a basis for the
understanding of the physiological functions of the three proteins.
Although endophilin, amphiphysin and SNX9 are structurally quite similar, and all of
them have been involved in clathrin-mediated endocytosis, and have been shown to
interact with dynamin [107-109], numerous functional differences have been pointed out.
First, previous reports indicated that knocking out endophilin leads to neuronal disease in
Drosophila [121]; knocking out amphiphysin leads to 1) no defect in synaptic vesicle
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recycling in Drosophila and C. elegans [121, 222] and 2) reduced synaptic vesicle
cycling in mice but no defect in the endocytosis kinetics [120]; knocking out SNX9 leads
to clear defect in clathrin-mediated endocytosis [108, 120]. The knock-out defects of
endophilin and SNX9 suggest that their functions cannot be fully substituted by the
activities of the others. Second, the recruitment dynamics of endophilin, amphiphysin
and SNX9 were identified to be different: SNX9 is recruited late in the formation of
clathrin-coated vesicle (CCV) while endophilin and amphiphysin are recruited to CCV at
earlier stage [115]. The extreme curvature generation capacity of SNX9 we observed in
this study may contribute a key role to this recruitment difference, as endophilin and
amphiphysin has been shown to preferentially stimulate dynamin self-assembly and
GTPase activity on membranes with relatively low curvature [107, 108, 223] while the
late stage recruitment of SNX9 is coincident with a dynamin recruitment burst on the
neck of deeply invaginated CCV with high curvature [108]. SNX9, the extremely strong
curvature generator, is therefore hypothesized to be involved in a sensitive switch that
results in further restriction and scission of the neck. Third, both endophilin and SNX9
are reported to be required for newly identified clathrin-independent endocytosis
pathways [84, 85, 124] while the role of amphiphysin in clathrin-independent endocytosis
is unclear. The specific requirement of endophilin or SNX9 in cleathrin-independent
endocytosis pathways potentially correlates with endophilin’s strong membrane curvature
sensing ability and SNX9’s strong membrane curvature generation ability. Our in vitro
study gives a quantitative perspective for the comparison of the abilities of the three NBAR proteins and provides as a basis to understand the physiological functional
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differences of the three N-BAR proteins. Future work will clarify exactly which
molecular features give rise to the functional differences that we observed in vitro, and
will also elucidate the consequences of these differences in vivo.
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Chapter 8 Distinct Membrane Coupling of FCHo and Endophilin
Clathrin-mediated endocytosis (CME) is assisted by numerous endocytic BAR domaincontaining proteins, which function at different time points of clathrin-coated vesice
(CCV) formation [112]. FCHo2 (FCH domain only-2), an F-BAR protein, has been
reported to arrive at the nucleation stage of CME and act as a nucleator of the CME [43].
Endophilin A1 is an N-BAR protein that is recruited after FCHo2 to the neck area of the
CCV, and is believed to facilitate the formation of the highly curved neck structure [95,
113]. In in vitro studies, both FCHo2 and endophilin A1 have been reported to be capable
of inducing membrane tubules from liposomes [24, 43]. Furthermore, knocking down
FCHo2 leads to reduced CCV budding events [45] and knocking down endophilin leads
to compromised clathrin uncoating on CCVs [114], illustrating the importance of these
two proteins in CME.
Differential recruitment dynamics of endocytic BAR proteins are potentially correlated
with their functional discrepancy during the formation of CCVs. For example, different
stages of CCV formation have different degrees of membrane curvature [95], suggesting
that the different BAR proteins recruited at each stage may be suited to generating the
different degree of membrane curvature required for each stage. However, a thorough
comparison of the core-functions — membrane binding and membrane curvature
generation — of the endocytic BAR proteins that arrive at clathrin-coated pits at different
time points is currently missing.
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In this chapter, our goal is to understand the molecular details of the physiological
functions of endocytic BAR proteins that arrive at the clathrin-coated pits at distinct time
points. We therefore chose FCHo2 and endophilin A1 as representative proteins and
systematically tested their competitive membrane binding and compared their membrane
curvature generation abilities. First, we observed that endophilin A1 N-BAR has a higher
membrane binding affinity than FCHo2 F-BAR, and membrane-bound FCHo2 F-BAR
can be competitively replaced by endophilin A1 N-BAR, suggesting a competitive
membrane binding mechanism where the initial membrane-bound FCHo2 can be
replaced with later-arriving endophilin during the course of CCV formation. Second, we
observed distinct abilities for FCHo2 F-BAR and endophilin A1 N-BAR in inducing
membrane curvature from planar membranes, which further offers a basis for
understanding their functional differences.
8.1 FCHo2 F-BAR domain exists as homo-dimers
Both endophilin A1 and FCHo2 have a functional unit consisting of a dimeric BAR
domain-scaffold (Fig. 8.1A). Endophilin A1 N-BAR, has a buried surface area (BSA) of
2853 Å2/monomer, including 16 hydrogen bonds and 8 salt bridges on the dimer interface
as inferred from prediction by Protein Interfaces, Surfaces and Assemblies (PISA) [167].
FCHo2 F-BAR has an even larger buried surface area (BSA = 4555 Å2/monomer) than
endophilin A1 N-BAR, and a more than 2-fold higher number of hydrogen bonds (49
hydrogen bonds, 7 salt bridge predicted by PISA). Hydrogen bonding can provide
favorable free energy to the protein-protein interaction [224-228], and experimentally
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measured free energy difference through mutating a hydrogen-boned residue to a residue
that is incapable of forming hydrogen bond suggests that an intra-protein hydrogen bond
can stabilize the protein by 1-2 kcal/mol [227, 229]. Therefore, the higher number of
hydrogen bonds within the FCHo2 dimer interface is expected to promote its
dimerization affinity. The dimer dissociation constant (Kd) of endophilin A1 N-BAR has
been determined to be sub-nanomolar at room temperature [161, 230], thus an even lower
Kd value is expected for FCHo2 F-BAR than endophilin A1 N-BAR. However, a
previous study observed two peaks in gel filtration analysis and reported a Kd of 2.5 μM
based on analytical ultracentrifuge [43]. To clarify this controversy, we injected 100 μl of
10 μM FCHo2 F-BAR to a 25 ml SEC column and observed that FCHo2 F-BAR (10 μM)
exists predominantly as a homodimer in buffer solution (Fig. 8.1B-C). This observation is
in agreement with the prediction that FCHo2 F-BAR has higher dimerization affinity than
endophilin A1 N-BAR.
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Figure 8.1 FCHo2 F-BAR domain exists as homo-dimers. (A) The crystal structure of
endophilin A1 N-BAR (reproduced with PDB: 2C08) and FCHo2 F-BAR (PDB: 2V0O).
(B) Single peak was observed for FCHo2 F-BAR (100 μl of 10 μM protein was injected
to a 25 ml SEC column) in an analytical size exclusion column (SEC). (C) SEC
calibration [161, 231] with standards. The stokes radius (Rs) was predicted theoretically
via the software HYDROPRO [232], in which monomer and dimer(gray and black
dashed lines) of FCHo2 F-BAR were predicted with Rs of 37.85 Å and 44.04 Å,
respectively. SEC result (red dashed line) from B indicates that FCHo2 F-BAR exists as
dimer.
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8.2 Endophilin A1 N-BAR competitively replaces FCHo2 F-BAR on the membrane
Motivated by the fact that FCHo2 and endophilin A1 show differential enrichment
timelines on CCVs, we used a GUV transfer technique to test the competitive membrane
binding of these two endocytic BAR proteins. As illustrated in Figure 8.2A, a nonfluorescent giant unilamellar vesicle (GUV) was transferred from the GUV dispersion
(white) to a protein solution (yellow) containing green-labeled FCHo2 F-BAR and redlabeled endophilin A1 N-BAR. Time-lapsed confocal imaging was used to monitor the
protein densities on the GUV contour.
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Figure 8.2 Competitive membrane binding. (A) Cartoon showing transfer of a nonfluorescent GUV into a solution containing green- and red-dye labeled different BAR
domains. (B) Representative competitive binding traces of the same concentration of
endophilin N-BAR and FCHo2 F-BAR. Bulk protein concentrations: [endophilin] =
[FCHo2] = 100 nM. (C) The binding traces of 100 nM FCHo2 F-BAR with the presence
of 33 nM, 100 nM and 300 nM endophilin N-BAR. (D) Competitive binding traces of the
endophilin N-BAR (100 nM) and syndapin F-BAR (100 nM). GUVs: 25%DOPC +
45%DOPS + 30%DOPE. The buffer conditions are the same as used in GUV shape
stability assay (see Chapter 2).
In Figure 8.2B, we see that when a GUV was transferred into a protein solution
containing the same concentration of FCHo2 F-BAR and endophilin A1 N-BAR, both
proteins bound the GUV simultaneously; however, as time went on, there was a turnover
point for the membrane binding of FHCo2 F-BAR after which the binding density of
FCHo2 started to decrease while the membrane-bound endophilin A1 N-BAR density
kept increasing. We further proved that the membrane binding turnover of FCHo2 FBAR is due to the competitive binding with endophilin A1 N-BAR by varying the
concentration of endophilin A1 N-BAR. In Figure 8.2C, we see that decreasing the
concentration of endophilin A1 N-BAR (from 100 nM to 33 nM) resulted in an increased
maximum protein density for FCHo2 F-BAR on the membrane and postponed the
decrease of FCHo2 F-BAR density on the membrane. On the other hand, increasing the
concentration of endophilin A1 N-BAR (from 100 nM to 300 nM) led to lowered
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maximum density of FCHo2 F-BAR on the membrane and advanced the decrease of
FCHo2 F-BAR density on the membrane. These observations indicate that membranebound FCHo2 F-BAR is partially released through competitively replacement by
endophilin A1 N-BAR. This observation indicates a potential competitive regulation of
endocytic accessory protein recruitment on CCVs: endophilin recruitment burst happens
later than FCHo2, potentially through competitively replacing FCHo2 and accelerating
the dissociation of FCHo2 from the CCV.
We further tested the competitive membrane binding of endophilin with another
endocytic BAR protein, syndapin, which shows similar arrival times as compared to
endophilin [112]. We see in Figure 8.2D that membrane-bound syndapin F-BAR cannot
be competitively replaced by endophilin A1 N-BAR.
8.3 The competitively replacement of FCHo2 F-BAR by endophilin A1 N-BAR is not
due to membrane curvature changes
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Figure 8.3 Competitive binding between FCHo2 F-BAR and endophilin A1 N-BAR
is not due to membrane deformation. In both the cases that GUV was not deformed (A)
and GUV was deformed (B), the membrane binding turnover trend of FCHo2 F-BAR
was observed.
To answer the question of whether the observed membrane binding turnover of FCHo2
F-BAR with the presence of endophilin A1 N-BAR is due to membrane deformations
(such as tubulation), we next compared situations where membrane tubulations did not
occur on GUVs (Fig. 8.3A, apparent area of GUV was not significantly changed) and
where membrane tubulations did occur (Fig. 8.3B, apparent area of GUV decreased). For
both cases, the membrane binding turnover of FCHo2 F-BAR was observed, indicating
that the turnover was not due to the potential curvature sorting ability differences of
FCHo2 F-BAR and endophilin A1 N-BAR.
8.4 The presence of endophilin A1 N-BAR accelerates the dissociation of membranebound FCHo2 F-BAR
The competitive membrane binding between FCHo2 F-BAR and endophilin A1 N-BAR
indicates a difference in their membrane binding affinities. We thus compared their
binding isotherm on GUVs (Fig. 8.4A). We observed that in a large range of protein
concentrations, endophilin N-BAR has a stronger membrane binding affinity than FCHo2
F-BAR. The binding isotherms were fitted with Langmuir binding theory (Density =
(Bmax*[P])/([P]+Kd), where Bmax is the maximum binding density, [P] is the bulk
protein concentration, and Kd is the dissociation constant. The extracted fitting
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parameters indicate that endophilin N-BAR (Kd = 99 ± 18 nM) has a significantly higher
binding affinity than FCHo2 F-BAR (Kd = 688 ± 174 nM) (Fig. 8.4A).

Figure 8.4 Endophilin A1 N-BAR shows higher membrane binding affinity than
FCHo2 F-BAR. (A) Membrane binding isotherm of endophilin N-BAR and FCHo FBAR and fitting parameters are listed based on Langmuir binding model. (B) GUVs were
incubated with proteins (FCHo2 F-BAR or endophilin A1 N-BAR) to reach binding
equilibrium, and then transferred to a buffer solution to monitor the dissociation kinetics
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of membrane-bound proteins. Y-axis (t1) is the fitted time from a single exponential
decay and X-axis is the initial membrane-bound protein density. The solid and dashed
lines are linear fits of FCHo2 F-BAR and endophilin A1 N-BAR data points,
respectively. F-test indicates that no significant difference was observed for the
dissociation kinetics of FCHo2 F-BAR and endophilin A1 N-BAR. (C-D) GUVs were
incubated with 200 nM FCHo2 F-BAR and 50 nM endophilin N-BAR to reach binding
equilibrium before transfer to a buffer solution. (C) Representative density traces
showing FCHo2 F-BAR dissociates faster from GUVs in the presence of endophilin A1
N-BAR (empty square). (D) Comparison of dissociation time of FCHo2 F-BAR from
GUVs in presence and absence of endophilin A1 N-BAR. Solid and dashed lines are
linear fits lines without and with endophilin, respectively. F-test indicates significantly
faster dissociation rate of FCHo2 F-BAR in the presence of endophilin A1 N-BAR. Lipid
composition: 45% DOPS + 30% DOPE + 25% DOPC.
When a protein-bound GUV was transferred into a buffer solution, the dissociation
kinetics of the proteins from the GUV can be determined. The dissociation rates of
FCHo2 F-BAR and endophilin A1 N-BAR under close membrane-bound-protein-density
are not significantly different (Fig. 8.4B). However, when a GUV was pre-incubated with
both FCHo2 F-BAR and endophilin N-BAR before transferring, we observed accelerated
dissociation kinetics for FCHo2 F-BAR (Fig. 8.4C-D), suggesting that the presence of
endophilin A1 N-BAR destabilizes the membrane-bound FCHo2 F-BAR.
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8.5 Lower membrane-bound protein density is required for FCHo2 F-BAR to
induce membrane curvature changes than endophilin A1 N-BAR
Both FCHo2 and endophilin A1 are known as membrane tubulators. Here, we first
compared the geometry of the tubules induced by the two BAR domains. Using a
liposome tubulation assay, we observed that both FCHo2 F-BAR and endophilin N-BAR
can induce several micrometer long tubules with uniform diameter from liposomes (Fig.
8.5A-C), but the tube diameter induced by FCHo2 F-BAR is significantly broader than
that induced by endophilin A1 N-BAR (Fig. 8.5D-E). In the samples containing both
FCHo2 F-BAR and endophilin A1 N-BAR, we observed less homogeneous diameter
distributions along the tubules, and in some regions there appears to be phase segregation
of endophilin A1 N-BAR and FCHo2 F-BAR (Fig. 8.5F, indicated by red arrow). This
observation is in agreement with a previous in cell observation that phase segregation of
N-BAR and F-BAR proteins was observed on tubules induced from the plasma
membrane [133].
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Figure 8.5 FCHo induces tubules with larger diameter than endophilin. EM images
shown in this figure were collected by Tingting Wu. Electron microscopy imaging of (A)
LUVs, (B) FCHo2 F-BAR (7 μM) + LUVs (0.1 mg/ml), (C) endophilin A1 N-BAR (7
μM) + LUVs (0.1 mg/ml) and (F) FCHo2 F-BAR (7 μM) + endophilin A1 N-BAR (7
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μM) + LUVs (0.1 mg/ml). Lipid: Folch fraction 1. (D) Diameter distributions of tubules
induced by FCHo2 F-BAR and endophilin A1 N-BAR. (E) Mean diameters calculated
from (D). FCHo2 F-BAR: 47.8 ± 0.8 nm; endophilin N-BAR: 22.8 ± 0.2 nm. Error bars
are standard error of the mean. Scale bar is 100nm in (A) and 200nm in (B), (C) and (F).
So far, we know that both BAR proteins are membrane curvature inducers. A quantitative
analysis will be required to directly compare their abilities to generate membrane
curvatures. We thus used a GUV shape stability assay [153, 154], which enables us to
compare the membrane-bound protein density required to induce membrane curvature
changes from a planar membrane (GUV) in order to quantify the abilities of FCHo2 FBAR and endophilin A1 N-BAR.

Figure 8.6 FCHo2 F-BAR is stronger than endophilin A1 N-BAR in inducing
membrane curvatures on GUVs. FCHo2 F-BAR requires lower protein density than
endophilin A1 N-BAR to induce membrane curvature changes. (A) GUV-shapeinstability diagrams of FCHo2 F-BAR and endophilin A1 N-BAR. Fittings are based on a
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protein-induced membrane instability theory as discussed in Ref.[154]. Fitting parameters
are listed in Table 8.1. (B) Quantitative comparison of transition-protein-density at the
same membrane tension as indicated between the two dashed lines in (A). Student’s t-test
indicates P = 0.00039.
Figure 8.6A shows the GUV-shape-instability diagrams that correlate membrane tension
and GUV-shape-instability-transition protein density. Each data point in the diagrams is
based on the measurement of a single GUV, indicating the protein density required to
induce membrane curvature changes for a GUV under specific membrane tension. The
comparison of GUV-shape-instability-transition protein densities under the same
membrane tension range (Fig. 8.6A, between two grey dashed lines) suggests that
significant lower protein density is required for FCHo2 F-BAR to induce membrane
curvature changes than endophilin A1 N-BAR (Fig. 8.6B). The instability-transition data
points can be well fitted with a protein-induced membrane stability theory [153, 154]:
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where C0 is the effective spontaneous curvature,  is the membrane bending stiffness,

max is the close packing coverage protein density,  is the membrane mediated proteinprotein attraction strength,  is the exclusive area of a protein on membrane (  =33 nm2
for endophilin N-BAR and  = 66 nm2 for FCHo2 F-BAR based on their crystal
structures), and b is a constant.
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Protein

ρ0(μm2)

1/ C0 (nm)

σ*(mN/m)

 ( k BT *nm2)

Endophilin A1

540 ±287

4.8 ±1.3

0.12 ±0.02

951 ±485

FCHo2

178 ±75

4.35 ±0.95

0.14 ±0.03

2875 ±1187

Table 8.1 Fitting parameters of Figure 8.6A.
We observed in Table 8.1 that the zero-tension-transition density (ρ0) of FCHo2 F-BAR
is more than two-fold lower than that of endophilin A1 N-BAR. This observation
suggests that FCHo2 F-BAR is stronger than endophilin A1 N-BAR in inducing
membrane curvature changes on planar membrane. The differential membrane curvature
induction abilities are potentially correlated with their physiological functions. FCHo2 is
known as the nucleator of CCVs and induces the initial curvatures of CCV [45], while
endophilin is recruited later to curved membrane area. Thus, the stronger ability of
FCHo2 to induce curvature changes from planar membranes fits well with its role as a
membrane curvature initiator during the formation of CCVs.
Based on zero-tension-transition density, we can further calculate the membranemediated protein-protein interaction strength (  ). As shown in Table 8.1, FCHo2 F-BAR
shows stronger membrane-mediated protein-protein interaction strength than endophilin
A1 N-BAR, which is potentially responsible for the observed membrane curvature
generation differences of the two proteins. Higher protein-protein attraction strength
potentially results in higher clustering probability, which is reported to be in favor of
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membrane curvature generation [4]. A recent study proposed that the observed clustering
properties of I-BARs are due to their shallow intrinsic structures [184]. The intrinsic
structure of FCHo2 is more flat than endophilin, thus FCHo2 F-BAR is expected to more
easily form protein clusters on the membrane [184], which may result in the stronger
membrane curvature induction ability observed for FCHo2 F-BAR compared to
endophilin A1 N-BAR. Another potential factor for their differential membrane curvature
generation abilities of FCHo2 F-BAR and endophilin A1 N-BAR could be the abilities to
induce lipid clustering. Lipid clustering results in membrane shape asymmetry, and thus
potentially promotes the membrane curvature remodeling by BAR proteins [233]. A
previous study reported that the GUV-shape-instability-transition protein density of
endophilin A1 N-BAR does not change when varying the amount of PS and PI(4,5)P2 in
GUVs, suggesting that endophilin A1 N-BAR is weak in inducing lipid clustering [154].
On the other hand, it has been reported that the presence of PI(4,5)P2 promotes the
tubulation ability of FCHo2 F-BAR [45]. Therefore, FCHo2 F-BAR might have a
stronger ability than endophilin A1 N-BAR in inducing the formation of lipid clusters,
which factors into the differences in membrane curvature generation abilities.
The fitted spontaneous curvatures (1/ C0 ) are comparable to the previous reports for BAR
proteins [154, 155]. The maximum membrane tensions (σ*), beyond which membrane
curvature changes can no longer be observed, of endophilin A1 N-BAR and FCHo2 FBAR are not significantly different.
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8.6 Summary and significance
Clathrin-mediated endocytosis is a robust plasma membrane pathway that involves a
large number of accessory proteins. However, the specific role of each accessory protein
remains controversial. Quantitative studies can reveal more molecular details for the
understanding of physiological functions. In this Chapter, I quantitatively compared the
capacities of membrane binding and membrane curvature generation of two endocytic
accessory proteins: endophilin A1 and FCHo2, which function in clathrin-mediated
endocytosis pathway (CME) but arrive at distinct time points of clathrin-coated vesicle
(CCV) formation. Interestingly, competitive membrane binding of endophilin A1 N-BAR
and FCHo2 F-BAR has been observed in my GUV transfer experiments (Fig. 8.2). My
observations further suggest that the binding turnover of FCHo2 F-BAR is due to the
presence of endophilin A1 N-BAR, rather than membrane curvature changes (Fig. 8.38.4). Endophilin A1 N-BAR shows higher membrane binding affinity than FCHo2 FBAR and the presence of endophilin A1 N-BAR on the membrane destabilizes the
FCHo2 F-BAR coat on the membrane, resulting in accelerated membrane dissociation
kinetics of FCHo2 F-BAR (Fig. 8.4). I further revealed with GUV shape stability assay
that lower protein density is required for FCHo2 F-BAR to induce membrane curvature
changes than endophilin A1 N-BAR from GUVs under the same membrane tension. This
observation suggests that FCHo2 F-BAR is a stronger membrane curvature inducer on
planar membranes than endophilin A1 N-BAR. Membrane-mediated protein-protein
attraction strength and the ability to induce lipid clustering have been identified as
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potential factors that result in the observed membrane curvature generation ability
differences. The distinct membrane binding and curvature generation properties of
endophilin A1 and FCHo2 can serve as a basis for the understanding of their differential
physiological functions.
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Chapter 9 Future Outlooks
9.1 Clarifying the contribution of scaffolding effect to the membrane curvature
generation ability of endophilin N-BAR
In Chapter 4, I have quantitatively demonstrated that amphipathic helix insertion plays a
key role in associating endophilin proteins to the membrane; however, it does not
influence the membrane curvature generation capacity of endophilin. Furthermore, my
experimental evidence illustrates that neither the formation of stable protein lattice on the
membrane nor the steric crowding effect is responsible for the membrane curvature
generation ability of endophilin. All these observations elevate the importance of the
scaffolding in endophilin’s membrane curvature generation. However, studies dissecting
the contribution of scaffolding in endophilin’s membrane curvature generation are
currently missing.
The magnitude of scaffolding is correlated with the membrane binding strength of the
dimeric concave surface. A previous molecular dynamics simulation study of
amphiphysin N-BAR with mutations on the concave surface (K58Q, R65Q, K132Q,
K133Q and R140Q) were designed to inhibit the scaffolding effect by reducing the
electrostatic interactions between protein and membrane, in which lower membrane
binding and lower membrane curvature generation capacity was observed [101]. Another
previous experimental study of FCHo2 also tried to study the contribution of scaffolding
to membrane curvature generation by designing mutants K146E and K165E on the
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concave surface and conserved residues I268N and L136E, in which membrane curvature
induction abilities of FCHo2 F-BAR was observed to be compromised [45].
To test the contribution of scaffolding to endophilin N-BAR, we plan to design mutants
to modify the magnitude of scaffolding. Guided by previous reports, several mutagenesis
sites have been chosen to fulfill the goal. First, positively charged residues on the
concave surface (K170E, K171E, K172E) and on Helix 1 insertion (H1I) sequence
(K76E, K78E) will be mutated to negatively charged residues to inhibit scaffolding [24].
Secondly, hydrophobic residues on H1I will be mutated to be non-hydrophobic (M70S,
I71S) to inhibit scaffolding [24]. Thirdly, dimer interfacial residues will be mutated to
change the intrinsic crystal curvature of the dimer (M97S and F110S), which is expected
to lead to scaffolding defects [182]. Liposome tubulation assay and electron microscopy
imaging will be used to determine the tubulation efficiency of each mutant. Furthermore,
a GUV shape stability assay will be exploited to quantitatively compare the protein
density required to induce membrane curvature changes at the same membrane tension
for these mutants.
9.2 Lipid clustering promotes membrane curvature generation by BAR proteins
Lipid demixing induced by membrane proteins has been a hot topic of research [203-206],
and the formation of lipid subdomains has further been indicated to play a key role in
membrane trafficking, such as clathrin-mediated endocytosis [202].
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BAR proteins are well-known as membrane curvature sensors and generators and are
capable of inducing clustering of multivalent lipids, such as PI(4,5)P2 [202, 203, 206].
For monovalent lipids like phosphatidylserine (PS), theoretically [204] and experimental
studies of peptides [205] suggest that the amplitude of demixing induced by membrane
peptides/proteins is relative weak or even negligible compared to multivalent lipids due
to lower membrane binding affinity resulting from weaker electrostatic interactions.
However, fluorescence quenching studies by Saarikangas et al. showed that amphiphysin
N-BAR can induce PS clustering with a magnitude close to that of PI(4,5)P2 [59].
In Chapter 7, distinct membrane binding, membrane curvature sensing, and curvature
generation abilities of endophilin, amphiphysin and SNX9 were revealed.
First, for membrane binding, we observed significant differences in the maximum
equilibrium-binding protein density (ρmax: endophilin > amphiphysin > SNX9) with a
GUV membrane of DOPC/DOPE/DOPS/PI(4,5)P2 = 35/30/30/5. The differential ρmax
values of the three proteins are probably correlated with their abilities to cluster charged
lipids: SNX9 and amphiphysin has been reported to be capable of inducing PI(4,5)P2
clustering on the membrane [202, 203], and SNX9, beyond its BAR domain, contains
additional membrane binding PX domain, which is expected to further restrict the
diffusion of negatively charged lipids [206]. The clustering of negatively charged lipids
would rapidly deplete effective protein binding sites and thus reducing the measured ρmax
value, as what we observed for amphiphysin and SNX9 in Chapter 7.
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To further test the hypothesis that endophilin, amphiphysin and SNX9 showed
differential abilities to induce clustering of charged lipids: PI(4,5)P2 and PS. I plan to use
fluorescence measurements to probe the fluorescence quenching resulting from lipid
clustering induced by the three BAR proteins. For this purpose, commercially available
BODIPY-TMR- PI(4,5)P2, which is reported to be suitable for PI(4,5)P2 clusteringinduced fluorescence self-quenching studies [59] and NBD-PS, which was reported to be
a self-quenching fluorophore [234, 235], will be used as probes for potential PI(4,5)P2
and PS clustering induced by the three proteins.
Next, lipid clustering/demixing has been reported to be correlated with membrane
curvature [233], thus it is reasonable to hypothesize that the lipid clustering induced by
BAR proteins promotes the membrane curvature generation of BAR proteins beyond the
previously proposed mechanism such as scaffolding, amphipathic insertion, and protein
oligomerization. My observation for GUVs containing PS but no PI(4,5)P2, partially
supports this hypothesis.
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Figure 9.1 PS content influences the membrane binding and curvature generation of
Amphiphysin 1. Increase of PS content increases the GUV-equilibrium-binding protein
density (A) but decreases the GUV-curvature-instability-transition protein density (B).
GUVs: X% DOPS + 30% DOPE + (69.5-X)% DOPC + 0.5% TexasRed-DHPE.
We observed distinct membrane curvature generation abilities of endophilin,
amphiphysin and SNX9 in our GUV shape stability assay in Chapter 7: SNX9 >
amphiphysin > endophilin. In Figure 9.1, we can see that when more PS was introduced
into the GUVs, the equilibrium membrane binding protein density increased as expected
(Fig. 9.1A), nevertheless the protein density required to induce membrane curvature
significantly decreased (Fig. 9.1B). To further test this hypothesis, a GUV shape stability
assay of amphiphysin with GUVs with and without PI(4,5)P2 will be conducted. On the
other hand, in our previous study of endophilin, we have observed that the GUVcurvature-instability-transition protein density does not change along with the contents of
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charged lipid: PS and PI(4,5)P2 [154]. Therefore, the stronger curvature generation ability
of amphiphysin than endophilin is likely to result from the stronger ability of
amphiphysin to induce lipid clustering.
9.3 PI(4,5)P2 influences FCHo’s membrane binding and curvature generation
Specific lipid preference, such as PI(4,5)P2 [43], has been reported for FCHo. In Chapter
6, for the I-BARs that are reported to have a PI(4,5)P2 preference and induce PI(4,5)P2
clustering [59], we observed that the presence of 5% PI(4,5)P2 in our GUV composition
significantly reduced the GUV-curvature-instability-transition protein density at the same
membrane tension [153]. Thus, a reasonable hypothesis is that the introduction of
PI(4,5)P2 into our GUVs will also promote the membrane curvature generation ability of
FCHo. To test this hypothesis, a GUV shape instability assay will be conducted to
quantitatively compare the GUV-curvature-instability-transition protein (FCHo) density
with and without PI(4,5)P2. In Chapter 8, we have observed that lower transitional protein
density was required for FCHo than endophilin, it would be interesting to study if the
presence of PI(4,5)P2 further strengthens the ability of FCHo in membrane curvature
induction because PI(4,5)P2 has been reported that it might be required for the FCHo
targeting at clathrin-coated sites and regulates the CCV initiation [45, 236].
To test the ability of FCHo in inducing PI(4,5)P2 and PS clustering, fluorescence
quenching of the fluorescent-labeled PI(4,5)P2 and PS as indicated in Chapter 9.2, will be
used as probes.
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In Chapter 8, we also observed interesting competitively replacement of membranebound FCHo by endophilin. Given that FCHo has been reported to show higher binding
affinity to PI(4,5)P2 [45], it would be interesting to test whether this competitive
membrane binding still exists with the presence of PI(4,5)P2 on membrane.
In summary, the introduction of PI(4,5)P2 into the lipid composition of FCHo studies will
give more information about the membrane interaction properties of this F-BAR protein.
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APPENDEX
Mutagenesis primers
Mutants of full-length rat endophilin A1
∆SH3-forward: 5'-gcaggtgtccaaatggatcagtagtgctgccgagccctgta-3'
∆SH3-reserve: 5'-tacagggctcggcagcactactgatccatttggacacctgc-3'
∆H0 (∆1-32)-forward: 5'-cccctgggatccttcaaagagatgg-3'
∆H0 (∆1-32)-reverse: 5'- ccatctctttgaaggatcccagggg -3'
Mutants of rat endophilin A1 N-BAR domain
F10W-forward: 5'-cagggctgaagaagcagtggcacaaagccactcagaaa-3'
F10W-reverse: 5'-tttctgagtggctttgtgccactgcttcttcagccctg-3'
F10A-forward: 5'-cagggctgaagaagcaggcccacaaagccactcaga-3'
F10A-reverse: 5'-tctgagtggctttgtgggcctgcttcttcagccctg-3'
S75D-forward: 5'-ctcagtatgatcaacaccatggacaaaatccgtggccaagagaag-3'
S75D-reverse: 5'-cttctcttggccacggattttgtccatggtgttgatcatactgag-3'
L187C-forward: 5'-agacgaagaactccgccaagcttgcgagaaatttgatgagtctaaag-3'
L187C-reverse: 5'-ctttagactcatcaaatttctcgcaagcttggcggagttcttcgtct-3'
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L215D-forward: 5'-ttgaacaggtgagccaggactctgcacttgttcagg-3'
L215D-reverse: 5'-cctgaacaagtgcagagtcctggctcacctgttcaa-3'
D1-6-forward: 5'-gggcccctgggatccaagaagcagttccac-3'
D1-6-reverse: 5'-gtggaactgcttcttggatcccaggggccc-3'
D1-14-forward: 5'-ggcccctgggatcccagaaagtgagtgag-3'
D1-14-reverse: 5'-ctcactcactttctgggatcccaggggcc-3'
D1-18-forward: 5'-gcccctgggatccgagaaggtgggag-3'
D1-18-reverse: 5'-ctcccaccttctcggatcccaggggc-3'
D1-10-forward: 5’- ccgcgtggatcccacaaagccactcagaaagtgagtgagaaggtgggaggagccgaa -3’
D1-10-reverse: 5’- ctgagtggctttgtgggatccacgcggaaccagatccgattttggaggatggtcgcc -3’
D1-24-forward: 5’- ccgcgtggatccgaaggcaccaagctcgatgatgacttcaaa gagatggagaggaaa gtg-3’
D1-24-reverse: 5’-cttggtgccttcggatccacgcggaaccagatccgattttggaggatggtcgccaccacc -3’
Mutants of human FCHo2 F-BAR
C86S-forward: 5'-cagagaaattagcaaattctcacttggatcttgttag-3'

C86S-reverse: 5'-ctaacaagatccaagtgagaatttgctaatttctctg-3'

C147S-forward: 5'-gaaaattacaatgccaagtctgtagaacaggagcgtttg-3'
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C147S-reverse: 5'-caaacgctcctgttctacagacttggcattgtaattttc-3'

N240C-forward: 5'-caggtccatgaagaatttatatgtaacatggctaatactacag-3'

N240C-reverse: 5'-ctgtagtattagccatgttacatataaattcttcatggacctg-3'
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